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Se que hay en tus ojos con solo mirar
que estas cansado de andar y de andar
y caminar, girando siempre en un lugar
Se que las ventanas se pueden abrir
cambiar el aire depende de ti
te ayudará, vale la pena una vez mas
Saber que se puede, querer que se pueda
Quitarse los miedos, sacarlos afuera
pintarse la cara color esperanza
tentar al futuro con el corazón
Es mejor perderse que nunca embarcar
mejor tentarse a dejar de intentar
aunque ya ves que no es tan facil empezar
Se que lo imposible se puede lograr
que la tristeza algun día se irá
y asi será, la vida cambia y cambiará
Sentirás que el alma vuela
por cantar una vez mas
Saber que se puede querer que se pueda
quitarse los miedos, sacarlos afuera
pintarse la cara color esperanza
tentar al futuro con el corazón
Vale más poder brillar
que solo buscar ver el sol
Pintarse la cara color esperanza
tentar al futuro con el corazón






1.1 The powdery mildew disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Host specificity of Blumeria graminis . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Triticeae crops as host species of Blumeria graminis . . . . . . . . . . . . . . . . . . . 6
1.4 Molecular basis of plant infection by fungal pathogens . . . . . . . . . . . . . . . . 7
1.5 Fungal genomics as a tool to improve disease control . . . . . . . . . . . . . . . . . 8
1.6 Powdery mildew pathogenomics: state of the art . . . . . . . . . . . . . . . . . . . 9
1.7 Next generation sequencing technologies and their impact on research in biology 10
1.8 Bioinformatic challenges created by NGS . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 Aims of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2 A major invasion of transposable elements accounts for the large size of the Blumeria
graminis f.sp. tritici genome 16
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5 Supplementary text . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3 Comparative sequence analysis of wheat and barley powdery mildew fungi reveals
gene colinearity, dates divergence and indicates host-pathogen co-evolution 29
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
ii
4 The wheat powdery mildew genome reveals unique evolution of an obligate biotroph 45
4.1 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Supplementary text: background information . . . . . . . . . . . . . . . . . . . . . 54
4.3 Supplementary text: material and methods . . . . . . . . . . . . . . . . . . . . . . . 58
4.4 Supplementary text: results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.5 Supplementary text: discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5 General discussion 83
5.1 Quality of the B.g. tritici reference sequence . . . . . . . . . . . . . . . . . . . . . . . 83
5.2 How to improve the B.g. tritici sequence and gene annotation . . . . . . . . . . . . 84
5.3 Benefits of a B.g. tritici reference sequence for powdery mildew research . . . . . . 85
5.4 Next-generation sequencing technologies: benefits and challenges for de novo se-





A Supplementary Material Chapter 2 107
A.1 Supplementary Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
A.2 Supplementary Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
B Supplementary Material Chapter 3 112
B.1 Supplementary Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
B.2 Supplementary Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
C Supplementary Material Chapter 4 114
C.1 Supplementary Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
C.2 Supplementary Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
iii
Summary
Powdery mildew is one of the most important cereal diseases. It is caused by fungi of the species
Blumeria graminis, which have an obligate-biotrophic lifestyle and are specific for a single host
plant species. The topic of this thesis is the molecular analysis of the genome sequence of Blume-
ria graminis forma specialis tritici (B.g. tritici), the powdery mildew pathogen of wheat, with
regard to its biology as a plant pathogen.
Powdery mildew of wheat and barley are caused by B.g. tritici and B.g. hordei, respectively. In
a pilot study, a comparative analysis of two orthologous loci in the genomes of the two fungi
revealed that the orthologous genes are well conserved and synthenic, whereas the intergenic
regions are highly diverse and massively populated with transposable elements (TEs). A diver-
gence time estimate based on the sequence alignments indicates that B.g. tritici and B.g. hordei
have co-evolved with their hosts.
The major part of this work reports on the reference sequence of B.g. tritici (isolate 96224) and
it’s bioinformatic analysis. B.g. tritici was found to have a large with a high content of repeti-
titve DNA and TEs. To get an overview about the TE population in the B.g. tritici genome, we
produced a repeat library that contains the 56 most abundant TEs. The library was also used
to annotate TEs in the genome sequence. Similar to what was found for other biotrophic fungi,
B.g. tritici lacks a number of genes which code for proteins that are involved in the degredation
of cell wall components, carbohydrate transport, nitrate and sulfur metabolism or the production
of secondary metabolites. Based on comparative analysis with B.g. hordei, we identified about
600 candidate effector genes that could play a role during the infection process or the determi-
nation of host specificity.
In addition to the Swiss isolate 96224, we re-sequenced the genomes of three wheat powdery
mildew isolates from UK, Israel and Switzerland. Compared to the reference (isolate 96224),
the three re-sequenced isolates differ in the absence of certain genes, most of them are effec-
tor candidates. Apparently, there is a selective pressure for loosing these genes which makes
them candidates for determinants of race specific interactions. Single nucleotide polymorphisms
present in the genome of the three isolates compared to the reference were found to be unevenly
distributed, which leads to a mosaic structure of these genomes consists of younger and more
ancient regions. These highly diverse haplogroups have already existed prior to the domestica-
tion of wheat. We hypothesize that the occurence of bread wheat as a new host for B.g. tritici
did not lead to a dramatic loss of genetic diversity in the genome, and that the highly diverse
haplotype pool provides a large genetic potential for pathogen variation facilitating its ready
adaptation to new host species.
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Zusammenfassung
Mehltau ist weltweit eine der verheerendsten Getreidekrankheiten. Verursacht wird sie von
Pilzen der Art Blumeria graminis, welche eine obligat-biotrophe Lebensweise haben und wirts-
spezifisch, also spezialisiert auf eine Pflanzenart sind. Diese Arbeit befasst sich mit der moleku-
laren Analyse der Genomsequenz von Blumeria graminis forma specialis tritici (B.g. tritici), dem
Verursacher von Mehltau bei Weizen, hinsichtlich seiner Biologie als Getreidepathogen.
Mehltau bei Weizen und Gerste wird von zwei unterschiedlichen Pilzen verursacht, welche jew-
eils spezifisch für ihre Wirtspflanze sind. Ein Sequenzvergleich zweier orthologer Loci aus
den Genomen der beiden Pilze hat gezeigt, dass die orthologen Gene synthenisch und stark
konserviert sind, während sich die intergenen Regionen grundlegend unterscheiden und einen
sehr hohen Anteil an Transposons enthalten. Der Sequenzvergleich ermöglichte ausserdem eine
Schätzung des Zeitpunkts der Trennung der beiden Pathogene von ihrem letzten gemeinsamen
Vorfahren, was auf eine Co-evolution der beiden Pathogene mit ihren jeweiligen Wirten hin-
deutet.
Der Hauptteil der Arbeit widmet sich der vollständigen Sequenzierung des Weizenmehltau-
Genoms (Isolat 96224) und seiner bioinformatischen Analyse. Mehltaupathogene haben, ver-
glichen mit dem anderen Pilzen, ein relativ grosses Genom, welches reich bevölkert ist mit
repetititven Elementen, sogenannten Transposons. Mit dem Ziel einen Überblick über die Trans-
posonpopulation im Weizenmehltaugenom zu erhalten, haben wir eine Transposon-Datenbank
mit den 56 häufigsten repetitiven Elemente, welche im Weizenmehltaugenom vorkommen, er-
stellt. Diese Datenbank wurde benützt um Transposons in der Genomsequenz zu annotieren.
Wie schon bei anderen biotrophen Pilzen gefunden wurde, fehlen im B.g. tritici Genom bes-
timmte Gene, zum Beispiel solche, die für Proteine kodieren, die in den Abbau von Zellwand-
komponenten, Kohlenhydrattransport, Nitrat- und Schwefelmetabolismus oder Produktion von
Sekundärmetaboliten involvert sind. Mittels vergleichender Studien mit B.g. hordei konnten etwa
600 Gene identifiziert werden, welchen eine tragende Rolle während dem Infektionsprozess oder
der Festlegung der Wirtspezifität zugeschrieben wird (sogenannte Effektoren).
Zusätzlich zum Schweizer Isolat 96224 wurden noch drei weitere Mehltauisolate sequenziert,
welche in Grossbritannien, Israel und der Schweiz gesammelt wurden. Im Vergleich zur Ref-
erenz, dem Isolat 96224, fehlen den drei zusätzlich sequenzierten Isolaten einzelne Gene, von
denen fast alle Effektorkandidaten sind. Diese Gene, welche offensichtlich einer Selektion
bezüglich deren Verlust unterliegen, könnten als entscheidende Faktoren der Rassenspezifität
der Isolate wirken. Ausserdem unterscheiden sich die drei re-sequenzierten Isolate im Vergleich
zur Referenz auch in einzelnen Basen, sogenannten SNPs (single nucleotide polymorphisms).
Diese sind ungleich im Genom verteilt und führen zu einer Mosaikstruktur von "älteren" uns
"jüngeren" Bereichen. Diese höchst verschiedenartigen Haplogruppen haben schon vor der Do-
mestikation von Weizen existiert. Wir vermuten, dass die Enstehung von Brotweizen als neue
v
Wirtpflanze nicht zu einer Reduktion der genetischen Vielfalt im B.g. tritici Genom geführt hat,
und dass die hohe Vielfalt an Haplotypen ein grosses genetisches Potenzial für Pathogenvari-




1.1 The powdery mildew disease
Powdery mildew is a fungal disease that affects nearly 10,000 species of angiosperms, among
them many economically important cultivated plants such as ornamental plants, fruit trees and
cereals. Mildew pathogens are ascomycete fungi of the order Erysiphales, which includes ap-
proximately 820 species (Braun, 2011). Cereal powdery mildew is caused by Blumeria graminis
and is only found on wild grasses and cultivated cereals of the family Poaceae. Economically
most important are powdery mildew of wheat and barley, which cause significant yield loss
in regions with maritime or semi-continental climates with high rain fall in many parts of the
world, for example in China, Russia and Europe. The main measures of disease control are
breeding for resistant varieties and application of fungicides.
Blumeria graminis (former name Erysiphe graminis) are obligate biotrophic fungi which can only
grow on living cells of their host plants. Airborne spores start to germinate as soon as they land
on the plant leaf and form an appressorial hook by which they penetrate the host epidermal
cell wall (Figure 1.1a, Zhang et al. 2005). Once the fungus has gained access to the cell lumen,
a finger-like structure called haustorium develops in the intercellular space (Figure 1.1a and b).
This organ is enclosed within the extrahaustorial matrix, a membrane composed of modified
host cell plasmalemma, and serves as an interface for nutrient uptake from the plant to the
fungus (Zhang et al., 2005). Once haustorial nutrient supply has been established, secondary
hyphae will spread out on the leaf surface to further invade neighbouring cells. Clonally
produced conidiospores stored in conidiophores on secondary hyphae on the plant surface lead
to further dispersal of the disease and give the fungus the powdery-like appearance from which
the name comes from (Figure 1.2c and d).
Besides clonal reproduction, which takes about 14 days, Blumeria graminis also has a sexual
phase in its life cycle (Figure 1.3). It requires hyphal fusion of two fungal colonies of different
mating type and usually occurs close to the end of the growing season when the leaves of the
host plant dry out. Sexual recombination takes place in so-called chaesmothecia and results in
haploid ascospores which remain inside the chaesmothecia for overwintering (Glawe, 2008). In
spring, the ascopores are ejected and new infection cycles start.
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Figure 1.1. Powdery mildew infection structures. a. Purified haustorium and host perihaustorial
membrane. b. Barley epidermal cells (yellow) with haustorial structures (green). (Pictures: P. Spanu)
2
Figure 1.2. Powdery mildew colonies on barley leaves. (Pictures: P. Spanu)
3
Figure 1.3. Sexual and asexual life cycle of cereal powdery mildews. Modified after G.L. Schumann
from "Plant Diseases: Their Biology and Social Impact", APS Press
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1.2 Host specificity of Blumeria graminis
Blumeria graminis fungi are host specific pathogens that in general infect only one specific plant
species. Seven Blumeria graminis formae speciales were described by Marchal (1902) based on
host specialisation. This number was extended to eight by Oku et al. (1985) (Table 1.1). All
Blumeria graminis formae speciales have their characteristic adaptation, but host specificity is not
complete. Studies in mostly older literature (reviewed in Hiura, 1978) report on infection exper-
iments where formae speciales are not limited in growth to a single genus (Eshed and Wahl, 1970;
Hardison, 1944; Mühle and Frauenstein, 1962a,b, 1963). Under natural conditions however, pow-
dery mildew of barley, wheat and rye favor their own host and rarely infect other crop species
(Eshed and Wahl, 1975; Mühle and Frauenstein, 1970).
The genetic basis of powdery mildew formae speciales-host specificity is not yet well known.
Two studies conclude that it follows the gene-for-gene theory, meaning that incompatibility of
pathogen and host is conferred by a pair of matching genes present in the fungus and the plant,
respectively (Flor, 1971). Tosa (1989) used F1 and F2 hybrids of a cross between a B.g. tritici iso-
late (Tk-1) with an B.g. agropyri isolate (Ak-1) to conduct infection experiments on a few wheat
cultivars. The segregation ratios of compatibility and incompatibility in these experiments could
be well explained with the gene-for-gene theory. Tosa hypothesizes that a forma specialis carries
many avirulence genes that correspond to resistance genes of more than one plant genus, and
in accordance with Hiura (1978), speculates that host specialization developed gradually and
therefore the present formae speciales still share many loci for pathogenicity. Oku and Tsuchizaki
(1993) report that the results of infection experiments with hybrids of B.g secalis and B.g. tritici
on wheat lines with and without rye resistance genes can be explained by the gene-for-gene
hypothesis as well. The authors conclude that hybridization between B.g secalis and B.g. tritici, if
it actually happens under field conditions, could lead to compatibility of B.g. tritici with wheat-
rye translocation lines. Interestingly, it was just recently discovered that B.g. tritici isolates can
now infect triticale, an artificial hybrid species of wheat and rye only grown in agriculture for
about 50 years (Walker et al., 2010; Troch et al., 2012). Walker et al. (2010) however conclude that
adaptation of B.g. tritici to the new host triticale by host range expansion is more likely than a
hybridization between B.g. tritici and B.g. secalis.
Hiura (1978) studied compatibility between formae speciales hordei, tritici, agropyri, secalis, avenae
and poae. Hybridization of two formae speciales can take place on any of the host cultivars,
because plant cells which are already infected by the appropriate forma specialis are also
accessible for other formae speciales (Olesen et al., 2003). According to Hiura’s observations,
hybridization between forma specialis agropyri, tritici and secalis results in normal formation of
chaesmothecia and ascospores, if two different mating types are present. When B.g. hordei and
forma specialis agropyri, tritici or secalis were hybridized, normal chaesmothecia development was
observed, but the asci contained only very few ascospores. Forma specialis avenae and poae were
both not compatible with either of the other formae speciales, which suggests that there might be
several levels of reproductive isolation among formae speciales.
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Table 1.1. Blumeria graminis formae speciales and their hosts
Pathogen Host
Common Name Genus Tribe
Blumeria graminis f.sp. tritici wheat Triticum Triticeae
Blumeria graminis f.sp. hordei barley Hordeum Triticeae
Blumeria graminis f.sp. secalis rye Secale Triticeae
Blumeria graminis f.sp. agropyri wheatgrass Agropyron Triticeae
Blumeria graminis f.sp. avenae oat Avena Avenae
Blumeria graminis f.sp. bromi Bromus Bromeae
Blumeria graminis f.sp. poae Poa Poeae
Blumeria graminis f.sp. lollii ryegrass Lolium Poeae
1.3 Triticeae crops as host species of Blumeria graminis
The tribe Triticeae includes over 400 species, among them the major global food crops wheat,
barley and rye as well as grasses which are important for livestock forage and soil stabilization.
The domestication of wheat and barley from wild ancestors in the fertile crecent about 10,000
years ago (Zohary et al., 2012) substantially contributed to the rise of sedentary societies during
the neolithic revolution and therefore had a significant impact on human culture. Today, wheat
is after corn and rice the third most produced crop in the world (data 20101) and the leading
source of vegetable protein in human nutrition.
The Triticeae tribe includes species with diploid, allotetrapoloid or allohexaploid genomes. Some
of the cultivated species have quite complex genome structures which mainly derived from
hybridisation between wild grasses. Bread wheat, Triticum aestivum, represents 95% of today’s
world wheat production, the remaining 5% is Triticum durum which is used to make pasta. Both
evolved from tetraploid wild emmer (Triticum turgidum subsp. dicoccoides, AABB), which resulted
from hybridization of wild diploid wheat (Triticum urartu, AA genome) and a close ancestor of
the goat grass Aegilops speltoides (BB genome) 300,000-500,000 years ago in the fertile crescent of
the Near East (reviewed in Peng et al. (2011)). Domestication of wild emmer about 10,000 years
ago led first to a domesticated form of emmer (Triticum turgidum subsp. dicoccum, AABB), and
then to Triticum durum, the pasta wheat. Early spelt wheat (Triticum spelta, AABBDD), which
further evolved into modern bread wheat (Triticum aestivum, AABBDD), was the outcome of




1.4 Molecular basis of plant infection by fungal pathogens
Fungal pathogens use so-called effector molecules to promote infection and manipulate the
plant’s innate immunity system with the aim of suppressing resistance responses triggered by
pathogen-associated molecular patterns (PAMPs) such as chitin (Jones and Dangl, 2006). These
effectors however can become avirulence factors (AVR) which themselves trigger defence re-
sponses if they are recognized by plant resistance proteins. An example is resistance of flax to
infection of flax rustMelampsora lini, a biotrophic pathogen: Fungal avirulence proteins AVRL567
are recognized by plant resistance proteins L567 directly in a gene-for-gene specific manner
(Dodds et al., 2006). The result is hypersensitive cell death response (HR) of the infected cells
which leads to the death of the fungus.
The ’gene-for-gene’ relationship between R- and AVR-gene causes selective pressure on the
pathogen to alter or even loose AVR genes to avoid recognition (Jones and Dangl, 2006). Over
time, this unintentional ’liaison’ between the host and its parasite results in an evolutionary
"arms-race", which forces both plant and parasite to constantly evolve in order to avoid or ac-
complish infection, respectively. Consequently, sophisticated survival strategies can be found
on both sides. Stagonospora nodorum for example even utilizes R-gene mediated resistance for
its own purposes: So-called necrotrophic effectors, host-specific toxins SnToxN, interact with
plant sensitivity proteins (SnnN). This induces necrosis of the infected cells and the fungus, a
necrotroph, can feed from the dead tissue. In this case, the R-gene of the plant, which resembles
a typical biotrophic resistance gene, acts as a susceptibility gene and thus, the interaction was
described as the inverse gene-for-gene model (Oliver et al., 2012).
Race-specific powdery mildew resistance in cereals is assumed to follow the gene-for-gene
concept, and a number of R-genes have been cloned during the last decade. In barley, the
genes of the MLA complex encode allelic CC-NB-LRR receptors which confer isolate specific
resistance against B.g. hordei (Halterman et al., 2001; Seeholzer et al., 2010). The wild type Mlo
genes, in contrast, act as susceptibility factors while homozygous mutant (mlo) alleles of the
gene confer broad-spectrum disease resistance to B.g. hordei (Jørgensen, 1992; Büschges et al.,
1997). In wheat, several powdery mildew resistance gene loci have been described, but so far
only the Pm3 allelic series (Yahiaoui et al., 2004, 2006; Bhullar et al., 2010) and a key member of
the Pm21 locus are cloned (Cao et al., 2011).
Efforts to identify and clone powdery mildew avirulence genes have so far been moderately
successful. The B.g. hordei AVRa10 and AVRk1 genes, which were cloned by a map-based
cloning approach in 2006 (Ridout et al., 2006), were proposed to be avirulence genes recognised
by Mla10 and Mlk1, respectively, and were shown to enhance infection in susceptible barley
cultivars. These genes are paralogs which code for short proteins which have no homology to
other genes in public databases. The homology to a family of LINE (long interspersed nuclear
elements) transposable elements (TE) (Sacristán et al., 2009), the vast amount of paralogs in the
B.g. hordei genome (>1,350, (Spanu et al., 2010) and the unknown biological function make them
enigmatic proteins.
Since the release of the B.g. hordei genome sequence, bioinformatic screens have yielded 491
candidate secreted effector proteins (CSEPs) (Spanu et al., 2010; Pedersen et al., 2012), small pro-
teins without transmembrane domain and no homology outside the Erysiphales. The delivery
7
mechanism of powdery mildew effectors into the plant cell is not well understood. Unlike in
bacteria, which use a type-III secretion system to inject effectors into the host cell, transport of
fungal effectors is most likely mediated by secretion signals. In many oomycetes effectors, an
N-terminal RXLR-motif (Arg-X-Leu-Arg, where X is any amino acid) was found to be conserved
and shown to be important for translocation of the effectors into plant cells (Whisson et al., 2007;
Dou et al., 2008). Of the 491 B.g. hordei CSEPs studied by Pedersen et al. (2012), 63% contain
an N-terminal YXC-motif (Tyr/Phe/Trp-X-Cys, where X is any amino acid), a motive which
was described as possible secretion signal for B.g. hordei effector candidates (Godfrey et al., 2010).
1.5 Fungal genomics as a tool to improve disease control
"When I began my career, I never imagined that someday I could simply look up a gene’s
coding sequence; find its orthologs in other organisms; and order, from a service organization,
a mutation to my specification for an experiment to reveal gene function. Yet this is now our
world, the direct result of a collective agreement to make genomic sequencing a priority in
the last decades of the 20th century. It was a very good decision." David Botstein, Science
essay, Feb 2011.
Understanding a fungus’ lifestyle and its infection strategies can significantly improve pest man-
agement. Eradication of barberry (Berberis vulgaris), the alternate host of rust where it sexually
reproduces, together with crop rotation in areas of primary inoculum, has helped to decrease
rust disease in China. The most important measure of disease control however is breeding for
resistant varieties which was done successfully for the past decades. For example, the discovery
of S. nodorum host specific toxins has resulted in breeding-programs against the corresponding
susceptibility genes in wheat. However, pathogens evolve along with their hosts and many resis-
tance genes are eventually overcome. The disastrous consequences of a break-down of a widely
used resistance gene (Sr31) were demonstrated by Ug99, the Puccinia graminis triticina race TTKS
which appeared in 1998 in Uganda and has since migrated rapidly over eastern Africa because
most cultivars grown in this area are highly susceptible (Singh et al., 2011).
Advances in genomics have tremendously improved our knowledge on the structure of fungal
and oomycete genomes: The 240 Mb genome of Phytophthora infestans is highly repetitive, and
massive proliferation of TEs is assumed to have caused the genome expansion. Phytophthora
effector candidates have been found to be prevalently localized in repeat-rich regions of
the genome. Due to the high abundance of active TEs, these regions are highly dynamic
which might promote expansion or loss of effector genes, thereby enabling rapid evolutionary
changes (Haas 2009). Studies on Mycosphaerella graminicola revealed that the genome includes
eight dispensable chromosomes, the so-called dispensome, which is highly dynamic in field
populations and progeny isolates of laboratory crosses (Wittenberg et al., 2009; Goodwin et al.,
2011). The chromosomes differ from the core genome with regard to gene and repeat content
and appear to have originated by ancient horizontal transfer from an unknown donor.
A genome sequence is the basis for comparative as well as functional genomics analyses, e.g.
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transcriptome, proteome and metabolome profiling. It also facilitates marker development
for genetic mapping, cloning strategies for genes of interest or generation of mutant lines.
In addition, large scale bioinformatics screens to identify candidate genes or sequences of
interest become feasible. The fully sequenced genome (Cuomo et al., 2007) and an efficient
transformation system enabled reverse and forward genetic screens for pathogenicity mutants
of the hemi-biotroph Fusarium graminearum, which led to the identification of several genes
involved in toxin production (daf genes), fungal development and virulence (reviewed in Kazan
et al., 2012). Genome-scale microarrays allow to investigate the F. graminearum transcriptome
with the aim to better understand the fungal infection process, and proteome studies have
already identified a number of secreted proteins that may act as effectors. By screening the
genome sequence of Ustilago maydis, Kämper et al. (2006) discovered gene clusters coding for
novel secreted proteins that are crucial for infection and show strong transcriptional activation
during biotrophic growth. The best studied example is Pep1, an effector that is essential for
biotrophic development (Doehlemann et al., 2009). In addition, the chorismate mutase Cmu1
was found to be involved in metabolic priming of the host cells during infection (Djamei et al.,
2011).
1.6 Powdery mildew pathogenomics: state of the art
Due to the biotrophic lifestyle Blumeria graminis can not be cultivated on artificial media, and
to date there is no transformation protocol available for Blumeria graminis. Thus, the B.g. hordei
genome sequence, which became public in the course of this work in 2010 (Spanu et al.), has enor-
mously stimulated powdery mildew research. It was the first Blumeria graminis forma specialis se-
quenced and was published together with fragmented assemblies of Erysiphe pisi (pathogenic on
pea (Pisum sativum)) and Golovinomyces orontii (pathogenic on Arabidopsis thaliana). The analysis
of the genome sequence revealed new insights such as a large genome size, a very high repetitive
content and, reflecting the biotrophic lifestyle, extensive loss of genes which encode enzymes of
primary and secondary metabolism (e.g. toxins), carbohydrate-active enzymes and transporters.
The most interesting finding was the discovery of the CSEP genes, of which the vast majority is
confined to Blumeria graminis (compared to E. pisi and G. orontii) and preferentially expressed in
haustoria (79%).
CESPs are currently in the focus of many powdery mildew research projects which aim at char-
acterization of CSEP and their function using proteomics or functional genomics tools such as
HIGS (Host induced gene silencing, Nowara et al. (2010)). Recently, CSEP0055 was indirectly
shown to contribute to fungal infection success, as infection rates in HIGS experiments were
significantly reduced when the gene was silenced by an RNAi construct (Zhang et al., 2012). In
yeast two-hybrid experiments, CSEP0055 interacted with two barley resistance genes (PR17 and
PR1) which suggests that its function as effector is most likely complex.
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1.7 Next generation sequencing technologies and their impact
on research in biology
Sanger-sequencing, a method for DNA sequencing published in 1977 by Fred Sanger (Sanger
et al., 1977), has revolutionised biological research and dominated the sequencing market
for almost 30 years. The principle of "sequencing by chain termination" coupled with gel
electrophoresis-based size separation dramatically improved earlier DNA sequencing tech-
niques. After 10 more years of technical advancement driven by the vision to sequence the
human genome, e.g. capillary gel electrophoresis for fragment separation and fluorescently
labelled ddNTPs, the first fully automated capillary sequencer ABI370 appeared on the mar-
ket (Figure 1.4a). The sequencing of the human genome (Human Genome Project, Consortium
(2004)) was done in factory-like sequencing centers with hundreds of capillary sequencers and
was completed in 2003. It took 13 years and cost were estimated at 300 million US$.
The enormous cost of the human genome project made clear that cheaper sequencing technolo-
gies with higher throughput than the capillary sequencer were needed. In 2005, 454 Life Science
published the "sequencing by synthesis" method that uses pyro-sequencing for readout which
reduces sequencing reaction volume and multiplies sequencing reactions. Shortly after, competi-
tors came up with a method that provided tenfold more output for a cheaper price but with a
shorter read length.
"Next-generation sequencing" (NGS) is a general term for new sequencing technologies that
emerged after 2004. The most popular NGS platforms today are Roche 454, Illumina and SOLiD,
Illumina dominating the market since years. The platforms differ in their methods of template
preparation, sequencing and imaging (reviewed in Metzker (2010)), but they all use a "wash-
and-scan" principle: identical strands of DNA anchored to a surface are sequentially flooded
with labelled nucleotides, labelled nucleotides are incorporated in the DNA strand, the incor-
poration reaction is stopped, excess nucleotides are washed away and the incorporated bases
are identified by scanning (Figure 1.4b). The individual methodology for template preparation,
sequencing and imaging leads to a platform specific sequencing errors mainly caused by biased
PCR amplification and dephasing2: Roche 454 for example has a problem with homopolymers
larger than 5 nucleotides while Illumina is error-prone to GCC sequences.
Most important for the user, however, are the differences in throughput, read length and output
format. For example, GS FLX Titanium (Roche 454) produces reads with average lengths of
700bp and a typical throughput of 700 Mb in a runtime of 23 hours3 whereas the latest HiSeq
system from Illumina produces 1.2 billion reads of 2x150bp in 27 hours (=120 Gb)4. The output
format is crucial for downstream processing and data analysis. SOLiD sequences for example
are provided in color-space format which can not be handled by many programs and therefore
requires special software.
Short read lengths (Illumina read length is still 150 bp max.) make informatics processes such as
assembly and alignments challenging. This issue can be addressed by increased sequencing cov-
erage (resequencing 8-12x, de novo 25-70x) and by the use of paired-end or matepair sequences




Figure 1.4. Working principle of first- and second generation sequencing technology. a. A modern
implementation of Sanger sequencing is shown to illustrate differential labeling and use of terminator
chemistry followed by size separation to resolve the sequence. b. The Illumina sequencing process
is shown to illustrate the wash-and-scan paradigm common to second-generation DNA-sequencing
technologies. Source: Schadt et al. (2010)
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(two sequences with a known distance to each other) in addition or instead of single reads.
Paired-end/mate-pair sequences are standard for many applications today and are especially
helpful when working with repetitive genomes.
Today, the era of "next-next-generation" or "third-generation" sequencing (TGS) has already be-
gun. New technologies aim at providing longer read lengths with high accuracy and reduced
PCR amplification and dephasing bias (Schadt et al., 2010) at a low cost (comparison between
first-, second- and third generation sequencing is shown in Table 1.2). IonTorrent sequencers
for example are small pH meters that detect changes in pH of the sequencing solution caused
by the release of a hydrogen ion during the nucleotide incorporation5. This principle simpli-
fies the sequencing process substantially as no imaging system is needed, other than that it is
still a "wash-and-scan" method that requires template amplification by PCR. Pacific Biosciences
(PacBio) sequencing technology takes advantage of the highly efficient and accurate process of
DNA replication by observing DNA synthesis in real time6. Single molecules of DNA (in con-
trast to PCR amplified libraries) are used as templates for sequencing. Single DNA polymerases
molecules, which are anchored to the bottom of tiny tube-like reaction cells called ZMW (zero-
mode waveguide), incorporate labeled nucleotides into the growing DNA strand. Laser light
is applied from below, and because it decays exponentially as it enters the cells, it is possible
to detect and distinguish single incorporation events against the background of fluorescently
labeled nucleotides which diffuse freely though the ZMWs.
At the moment, many TGS technologies underperform regarding raw read accuracy, throughput
and cost efficiency. It therefore still remains to be seen whether they will become significantly
advantageous over today’s well established NGS platforms such as Illumina.
1.8 Bioinformatic challenges created by NGS
NGS technologies offer a wide range of application and have changed the way biologists ap-
proach research questions in general: RNA seq for example allows to assemble the transcriptome
of an organism even without having a reference sequence available, and characterization of tran-
scripts by sequencing rather than through hybridization to a chip is advantageous especially for
large genomes (e.g. plant genomes). However, NGS and its applications also pose challenges for
researchers.
The claim that NGS technologies lower sequencing costs does not consider the increasing costs
and efforts in bioinformatics. In principle, a sequencing experiment consists of four elements:
sample collection, sequencing, data reduction and downstream analysis (Sboner et al., 2011).
Comparing the sequencing projects from the pre-NGS (approx. year 2000) to those of today,
major costs have shifted away from sequencing to experimental design, data reduction and
downstream analysis: Experimental designs using sophisticated sequencing methods (e.g. bisul-
fite sequencing or methylated DNA immunoprecipitation (MeDIP-Seq)) may require complex
molecular and cellular experiments to produce the library for sequencing. Raw sequencing data




Table 1.2. Comparison of first-, second- and third generation sequencing. Source: Schadt et al. (2010)
First generation Second generation Third generation




Wash-and-scan SBS SBS, by degradation,
or direct physical in-
spection of the DNA
molecule
Current raw read accuracy High High Moderate
Current read length Moderate (800-1000bp) Short, generally much
shorter than Sanger se-
quencing
Long, 1000bp and longer
in commercial systems
Current throughput Low High Moderate
Current cost High cost per base, low
cost per run
Low cost per base, high
cost per run
Low-to-moderate cost
per base, low cost per
run
Time from start of sequencing
reaction to result
Hours Days Hours





Ranges from complex to
very simple depending
on the technology
Data analysis Routine Complex because of






large data volumes and
because technologies
yield new types of infor-
mation and new signal
processing challenges
a sequencing by synthesis
to work with. This can be the mapping file of the reads to the reference (e.g. Binary Sequence
Alignment/Map (BAM)) or a de novo assembly of the reads. Further processing is required to
obtain "high-level summaries" of the experimental data (Sboner et al., 2011): files which comprise
all the information needed for downstream analysis, e.g. a table with all positions of SNPs and
InDels in a genome for a variant detection experiment, expression values for all genes of inter-
est for an RNAseq experiment or information about binding sites for a ChIP-seq experiment.
The output of the initial data analysis has to be further processed, evaluated and interpreted
according to the research question. For example, a set of differentially expressed genes of an
RNAseq experiment has to be statistically filtered for those which are significantly differentially
expressed. In many cases, profound knowledge in bioinformatics, statistics, genetics and biology
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is required to comprehend the complexity of the data.
It is important to note that for many steps of data reduction and downstream analysis no stream-
lined approaches are available. Therefore, each sequencing project requires considerable efforts
to find, install, configure and run appropriate software and computational pipelines. In addi-
tion, suitable solutions for data storage and tracking have to be developed and maintained in
the lab.
The market for sequencing technology is very dynamic and many of the technologies are not
around for long (e.g. SOLiD). This creates problems at the bioinformatics front: The diversity
of NGS data characteristics (e.g. read length) and format (sff, fastq, colourspace) demands for
a wide range of software such as aligners or assemblers to process the data. Researchers who
start to use a new sequencing technology in the early phase of the release to the market often
encounter the problem that there is no or very little software for data analysis available. Soft-
ware development, especially open source software, often lags behind the technical innovation,
as developers can only start their work once the technology is known and sequence data are
available. If software is available, considerable effort is usually required not only to install the
programs and learn how to run them, but also to convert raw data into the form that is accepted
by the program. This is usually done via handmade scripts. It is therefore important to con-
sider not only throughput, read length and accuracy when choosing the flavour of NGS for an
experiment, but also availability of software for downstream analysis.
The fast upcoming of new NGS technologies resulted in a lack of community standards for data
analysis, especially from a statistics perspective. An example is RNAseq used for differential
gene expression: For microarrays, there is clear consensus about how to do differential gene
expression analysis as technology has been around for several years. For RNAseq however, as
the technology is relatively recent, the community is still debating about statistical methods and
standards.
Quality control for large scale data is challenging and often based on statistics which is
sometimes difficult to comprehend for non-statisticians (e.g. differential gene expression). NGS
technologies are nowadays widely used for all kind of analysis and sequencing cost are so
low that they become affordable for small labs. Therefore, collaborations between biologists,
bioinformatics and statisticians are becoming more important, and guidelines for statistical
methodologies are an urgent need.
1.9 Aims of the thesis
A project with the goal to identify fungal interactors of Pm3 resistance alleles was initiated in
2007. The work presented in this thesis aimed at supporting this intent by producing a high
quality genome sequence for B.g. tritici isolate 96224. This isolate is one of the parents of a cross
which was used to map AvrPm3f, the avirulence gene corresponding to Pm3f, using a map-based
cloning approach.
To asses the extensive repetitive content of the B.g. tritici genome, a comprehensive library of the
most abundant B.g. tritici transposable elements was generated using a low coverage sequencing
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run on B.g. tritici genomic DNA (described in chapter 2). Preliminary studies on B.g. tritici BAC
sequences were then undertaken to get a first insight into the characteristics of the B.g. tritici
genome. The evolutionary relationship between B.g. tritici and B.g. hordei and the level of con-
servation on the molecular level was assessed by a comparative analysis of two orthologous loci
in these genomes (described in chapter 3).
The main goal of this work was the generation of a reference sequence for B.g. tritici isolate
96224 (described in chapter 4) and the analysis of the information encoded in the genome in
relation to B.g. tritici’s biology as a pathogen. This included the assembly of NGS data and its
anchoring to BAC library contigs as well as gene annotation based on models predicted based
on homology to B.g. hordei genes and ab initio. A comparative genomics approach was used to
study similarity and differences between B.g. tritici and B.g. hordei and led to the identification of
a set of putative effector genes which might play a role in disease development. Re-sequencing
of three additional B.g. tritici isolates was undertaken in order to investigate the genetic diversity
between isolates of the same forma specialis with a special focus on the geographical origin.
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Abstract
Powdery mildew of wheat (Triticum aestivum L.) is caused by the ascomycete fungus Blumeria
graminis f.sp. tritici. Genomic approaches open new ways to study the biology of this obligate
biotrophic pathogen. We started the analysis of the B.g. tritici genome with the low-pass sequenc-
ing of its genome using the 454 technology and the construction of the first genomic bacterial
artificial chromosome (BAC) library for this fungus. High-coverage contigs were assembled with
the 454 reads. They allowed the characterization of 56 transposable elements and the establish-
ment of the Blumeria repeat database. The BAC library contains 12,288 clones with an average
insert size of 115 kb, which represents a maximum of 7.5-fold genome coverage. Sequencing of
the BAC ends generated 12.6 Mb of random sequence representative of the genome. Analysis of
BAC-end sequences revealed a massive invasion of transposable elements accounting for at least
85% of the genome. This explains the unusually large size of this genome which we estimate to
be at least 174 Mb, based on a large-scale physical map constructed through the fingerprinting
of the BAC library. Our study represents a crucial step in the perspective of the determination
and study of the whole B.g. tritici genome sequence.
2.1 Introduction
Powdery mildew fungi are some of the most damaging plant pathogens. They affect a
wide range of dicotyledonous and monocotyledonous host species and cause significant eco-
nomic losses in crop plants worldwide (Glawe, 2008). Powdery mildews belong to the family
Erysiphaceae in the order Erysiphales (Ascomycota) (Inuma et al., 2007). Their interactions with
the host are characterized by the establishment of structures called haustoria inside epidermal
plant cells, allowing the pathogen to maintain a parasitic relationship and to take up nutrients
from the host. This results in a complete dependence of powdery mildew growth on living plant
cells (Glawe, 2008).
The fungal pathogen Blumeria graminis is an ascomycete species subdivided in seven formae
speciales (ff. spp.), each highly specialized for different host species (Inuma et al., 2007).Blumeria
graminis f.sp. tritici (hereafter called B.g. tritici) is the causal agent of powdery mildew on wheat
(Triticum aestivum L.). Little is known about the biology of this fungus and, therefore, methods
and resources are needed to identify genes promoting virulence and determining B.g. tritici-
wheat interaction and to understand the mechanisms underlying host specialization of B. grami-
nis.
Recently, the genome sequencing of B. graminis f.sp. hordei (B.g. hordei), closely related to B.g. trit-
ici and causal agent of the powdery mildew of barley (Hordeum vulgare), has been completed
(Spanu et al., 2010). This work, together with the reports of other obligate biotroph genome se-
quences (Baxter et al., 2010; Duplessis et al., 2011) revealed genomic hallmarks possibly driven by
adaptations to the obligate biotrophic lifestyle. Those include a massive proliferation of trans-
posable elements correlated with expansion of the genome size and the loss of genes which are
not essential for the biotrophic lifestyle, such as genes encoding enzymes devoted to plant cell
wall degradation or nitrate and sulfur assimilation pathways (Spanu et al., 2010; Baxter et al.,
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2010; Duplessis et al., 2011).
In order to determine its genomic features, we initiated the exploration of the B.g. tritici genome
with the construction and characterization of the first bacterial artificial chromosome (BAC) li-
brary from this fungus. We fingerprinted the library and produced a physical map of the genome
which allowed a first estimation of the genome size. Based on low-pass 454 sequencing of the
genome and 20,001 BES representing approximately 7% of the nuclear genome, we were able to
build a Blumeria repeat database and to obtain a first insight into the B.g. tritici genome.
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2.2 Materials and methods
Plant and fungal material
The construction of the BAC library and 454 sequencing were performed using DNA from
B.g. tritici isolate 96224 (Brunner et al., 2010). Cultures of 96224 were propagated by infecting
fresh leaf segments of the susceptible bread wheat cultivar Kanzler, kept on agar supplemented
with benzimidazole at a concentration of 30 mg/L.
BAC library
Construction and characterization of the BAC library are described in the supplementary text.
Assembly of a physical contig map of B.g. tritici
Fingerprinting was performed at the Instituto di Genomica Applicata (✇✇✇✳❛♣♣❧✐❡❞❣❡♥♦♠✐❝s✳
♦r❣). High information content fingerprints (HICF) were produced and processed through FPB
software (Scalabrin et al., 2009) for fingerprint background removal and GenoProfiler software
(You et al., 2007) for removal of contaminants and batch processing of fingerprints into size files
that can be input into FPC (Soderlund et al., 1997). Fingerprinted clones were initially assembled
using FPC at a Sulston cutoff score of 1e-60 (initial incremental contig build) and Q-clones were
split using three DQ steps at slightly lower Sulston scores. Singleton clones were then added
to contigs, and ends were merged (when applicable) by increasing the cutoff score by 1e-5 in a
stepwise manner to 1e-20 (final cutoff). The approach to control experimentally the accuracy of
the FPC assembly is described in supplementary text.
BAC-end sequencing
BAC-end sequencing was made at the Arizona Genomics Institute, University of Arizona
(✇✇✇✳❣❡♥♦♠❡✳❛r✐③♦♥❛✳❡❞✉). Sequencing was performed at both ends. Sequence trimming
was conducted by processing trace files using the Phred program for base calling and a qual-
ity score of 20 (Ewing et al., 1998). Vector sequences were masked using CROSS_MATCH
(✇✇✇✳❣❡♥♦♠❡✳✇❛s❤✐♥❣t♦♥✳❡❞✉) and removed from the analysis. Only reads with a length of
at least 100 bp were retained, providing 20,001 high-quality BAC-end sequences.
Construction of the Blumeria repeat database
The low-pass genome sequencing of the B.g. tritici isolate 96224 was performed using the GS
FLX platform (Roche) (Supplementary Text). Reads were assembled using the MIRA software
with default settings for assembly of 454 sequences. Contigs with a 10-25x coverage and a
minimal length of 7 kb were used for the manual characterization of full-length transposable el-
ement (TE) sequences. The strategy for the identification of TEs was the following: BLASTN
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and BLASTX searches (Altschul et al., 1997) against specialized databases such as RepBase
(✇✇✇✳❣✐r✐♥st✳♦rg) and TREP (✇❤❡❛t✳♣✇✳✉s❞❛✳❣♦✈✴■❚▼■✴❘❡♣❡❛ts✴) were performed in order
to reveal typical features characterizing the different superfamilies of TEs. Long interspersed
nuclear elements (LINE) were identified by their generally well-conserved ORF2 sequence. The
presence of associated ORF1 and poly-A sequences allowed further identification of complete
elements. Short interspersed nuclear elements (SINE) were identified by the presence of internal
A and B promoter boxes necessary for RNA polymerase III binding as well as a poly-A tail at
the 3′ end. For long terminal repeat (LTR) retrotransposons, typical patterns of the terminal
repeats were revealed using DOTTER (Sonnhammer and Durbin, 1995). Target site duplications
and LTR borders were determined manually. The classification into copia or gypsy superfamilies
was done according to similarity of the ORF-encoded proteins with the PTREP database, and
their internal organization within the element (Wicker et al., 2007). Additionally, we used contigs
of the B.g. hordei draft genome (version June 2007) which were made available for us by the Blu-
Gen consortium (✇✇✇✳❜❧✉❣❡♥✳♦r❣) for homology search to identify the B.g. hordei homologs of
B.g. tritici repeats. In order to reduce redundancy within the different families, we set a thresh-
old of 80% similarity at the nucleotide level for the definition of a family. Finally, elements were
named according to the nomenclature of Wicker et al. (2007).
BES analysis
The 20,001 BES were first analyzed for their repeat content through BLASTN and BLASTX
searches (Altschul et al., 1997) against the Blumeria repeat database. Only hits with a mini-
mal alignment of 100 bp, 80% of nucleotide identity (for BLASTN) and an E value <10 e-10 (for
BLASTX) were considered. For the identification of additional high-copy sequences, sequences
matching the repeat database were removed, and the remaining ones were searched against
themselves using the same BLASTN parameters.
Access to sequence data
All BAC-end sequences can be accessed through accession numbers FR776010 to FR796010 in the
EMBL nucleotide sequence database. An FTP server (address available on request) provides ac-




Fingerprinting of the B.g. tritici BAC library provides a physical map of the
genome and an estimate of the minimal genome size
A large insert BAC library was constructed with B.g. tritici reference isolate 96224 (Supplemen-
tary Text). Fingerprinting of the complete library (12,288 clones) generated 6,831 HICF which
were assembled to produce 266 BAC contigs (Table 2.1). Only 146 (2.1%) BAC clones remained
as singletons. The largest contig is 5.8 Mb, and 50% of the assembly is contained in contigs
larger than 1 Mb. By comparison with experimentally tested overlaps of BAC clones at two ge-
nomic regions (Supplementary Figure A.3 and Supplementary Table A.1), we could confirm the
accuracy of the fingerprint assembly and its relevance for establishing contigs spanning large ge-
nomic regions. The total length of the assembly is 174 Mb, giving a first estimate of the B.g. tritici
minimal genome size.




Clones in contigs 6,685
Singletons 146
Maximum nr of clones per contig 325
Largest contig 5,825 kb
N50 (nr contigs) 51
Length of N50 contig 1,002 kb
Total length of assembly 174 Mb
Construction of a Blumeria repeat database
In order to study the fraction of repetitive DNA in the B.g. tritici genome, we established a
Blumeria repeat database, exploiting two datasets of sequence information. First, whole genome
sequencing of the B.g. tritici genome was carried out by one full 454 GS FLX run. This resulted in
491,163 reads with an average size of 226 bp. Assembly of these reads produced 39,363 contigs
and contigs with a very high coverage were selected, as this indicates sequences corresponding
to high-copy repeats. Additionally, we also exploited few contigs belonging to the first B.g. hordei
draft genome sequence (version June 2007) which were made available to us by the BluGen con-
sortium (✇✇✇✳❜❧✉❣❡♥✳♦r❣).
Composition of the Blumeria repeat database is presented in Table 2.2. We identified 20 families
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of LINEs and two B.g. tritici SINEs, Bgt_RSX_Yhi and Bgt_RSX_Lie, homologs of the previously
characterized B.g. hordei SINE elements EGH-24-1 (Rasmussen et al., 1993) and EG-R1 (Wei et al.,
1996), respectively. A total of 27 LTR retrotransposons were found (Table 2.2), of which 13
families could be classified as members of the gypsy superfamily and nine as members of the
copia superfamily. Five sequences showed characteristics of solo LTRs, but the complete retro-
transposon they originated from could not be characterized. Finally, seven sequences exhibited
characteristics of TE and a high-copy number, but could not be classified into any order of re-
peat ("unclassified" in Table 2.2). Among them were two B.g. tritici sequences for which we could
identify two homologous sequences in B.g. hordei (both B.g. tritici and B.g. hordei homologs are
in the database).
In conclusion, our Blumeria repeat database is composed of 56 TE families, including some ele-
ments which are conserved in B.g. tritici and B.g. hordei (Table 2.2).
Table 2.2. Transposable element families of the Blumeria repeat database and representation of
the superfamilies in the BES dataset







LTR retrotransposons Gypsy 13 8.3
Copia 9 8.3
Solo LTRs 5 0.6
Unclassified 7 6.0
Total 56 47.8
BAC-end sequencing and TE content analysis
All the 12,288 BAC clones of the library were sequenced from both ends. After trimming the
individual sequencing reads for length (threshold of 100 bp) and low-quality bases, vector and
bacterial contaminant sequences were eliminated. In the end, the B.g. tritici BAC-end database
consisted of 20,001 sequences with an average read length of 633 bp (Supplementary Figure A.4).
The total BES length is 12,662,922 bp with an average GC content of 44.3%. This large dataset
of representative, random sequence was subsequently used to analyze the composition of the
B.g. tritici genome.
Sequences corresponding to TEs were first identified in the 20,001 BES by BLASTN search against
our Blumeria repeat database. The cumulative length of sequences with homology to the 56
repeat families represented 24.1% of the BES database (Supplementary Figure A.5), suggesting
that the characterized repeat families could contribute approximately one fourth of the genome.
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The ten most abundant elements represented half of the TE fraction (49.8%), and accounted for
around 12% of the genome (Supplementary Figure A.5). Five LINE elements represented all
together 6.2% of the genome. The most abundant element of all was the SINE Bgt_RSX_Yhi
(2%).
We then masked the sequences matching the Blumeria repeat database at the nucleotide level, and
performed with the remaining sequences a second search against the Blumeria repeat database
at the protein level, in order to evaluate the representation of TE superfamilies. A cumulative
length representing 23.7% of the BES set gave hits. Taken together with the previous analysis,
the fraction of the BES set matching TEs of the Blumeria repeat database is 47.8%, i.e. 6.04 Mb.
The analysis of these sequences revealed the predominance of non-LTR retrotransposons over
LTR retrotransposons, mainly due to LINE elements (Table 2.2).
In order to identify additional unknown repeats, we masked all the sequences which previously
matched our repeat database at the nucleotide and protein level, and kept only the BES if the
remaining unmasked sequence was longer than 50 bp. This resulted in 13,270 remaining BES
which were searched against themselves by BLASTN. Repeats or high-copy sequences were
defined as sequences with at least two copies in the 13,270 BES set. Considering that the complete
BES database represents 7.2% of the B.g. tritici minimal genome size, a high-copy sequence
according to our definition would then be expected to occur in more than 28 copies in the
genome. This search revealed 8,880 high-copy BES with a total length of 4.74 Mb. Together with
the 6.04 Mb matching the Blumeria repeat database, we estimate the total repeat content in the
BES database, and by extension in the B.g. tritici genome, to be 85%.
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2.4 Discussion
In this paper, we report on the construction and characterization of the first B. graminis f.sp. tritici
large insert BAC library. The majority of BAC libraries constructed from fungal or oomycete
pathogens have a relatively small average insert size between 40 and 80 kb, and those constructed
from the barley powdery mildew B.g. hordei were reported to have average insert sizes of 30 and
41 kb (Ridout and Brown, 1999; Pedersen et al., 2002a). The B.g. tritici BAC library consists
of 12,288 clones of 115 kb on average with 87% of the inserts larger than 100 kb. This result is
remarkable for DNA obtained from a true obligate biotrophic fungus which cannot be cultivated
in vitro, and is comparable with the largest libraries reported for ascomycete or oomycete species
(Zhu et al., 1997; Zhang et al., 2006; Chang et al., 2007). With a 7.5x coverage of the genome, our
BAC library thus represents a powerful tool for the exploration of the B.g. tritici genome.
Taking advantage of this library, we could show that B.g. tritici possesses an expanded genome of
at least 174 Mb, much larger than what is commonly observed for fungal genomes (Gregory et al.,
2007). This observation is in accordance with the recently reported genome size of the closely
related barley powdery mildew pathogen B.g. hordei, which is estimated to be 120 Mb (Spanu
et al., 2010), and demonstrates that the formae speciales of the B. graminis species have an atypically
large genome size. The high percentage of repeats in B.g. tritici (85%) seems to be the explanation
for the unusually large size of its genome, which is possibly also true for the genome of B.g. hordei
as hypothesized by Spanu et al. (2010). We observed that non-LTR retrotransposons in the form
of LINEs are predominant over LTR retrotransposons in the B.g. tritici genome. SINEs are also
surprisingly abundant in B.g. tritici and could represent at least 3% of the genome, although
they are relatively small in size (Wicker et al. 2007). Similarly, Spanu et al. (2010) observed that
LINEs and SINEs are largely predominant over LTR retrotransposons. This picture is different
than what was recently reported in other repeat-rich oomycete and fungal genomes such as
Hyaloperonospora arabidopsis (Baxter et al., 2010), Melampsora larici-populina and P. graminis f.sp.
tritici (Duplessis et al., 2011). In B.g. hordei as well as in H. arabidopsis, only a small fraction of
class II transposable elements was detected (Spanu et al., 2010; Baxter et al., 2010), which is not
the case for M. larici-populina and P. graminis f.sp. tritici where the proportion of class I and class
II elements is more equal (Duplessis et al., 2011).
The very stringent parameters we used to assess the fraction of repeat DNA (80% identity)
indicates that repeat copies are very similar, which could suggest that proliferation of repetitive
DNA in B.g. tritici is the consequence of a high rate of recent transposon activity. Recently,
Oberhaensli et al. (2011) sequenced and annotated three B.g. tritici BAC clones. They found a
large difference of TE content in a comparative analysis with B.g. hordei, indicating that indeed
most of the TE activity in the two genomes occurred after divergence of the two formae speciales,
around 10,000,000 years ago. In the same study, it was found that TEs accounted for 48.8% and
51.4% of the contigs length, respectively. However, those clones were specifically screened to
encompass gene-containing regions. On a third locus, TEs were shown to occupy up to 69% of
the sequence (F. Parlange, unpublished results), which is closer to the estimation presented in
the current study. This suggests that repeated elements may not be equally distributed along
the genome, and proves the importance of generating large and randomly dispersed sets of
sequences to draw an accurate picture of the composition of large and highly repetitive genomes.
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The reports on genome sequences from three powdery mildew species, including B.g. hordei,
Erysiphe pisi, and Golovinomyces orontii (Spanu et al., 2010), and the "downy mildew" H. arabidop-
sis (Baxter et al., 2010) highlighted striking signatures of convergent evolution to an obligate
biotrophic lifestyle, in particular marked by an unusually expanded genome size correlated
with a proliferation of transposable elements. Recently, the same observation was reported in
two other obligate biotrophic parasites, the rust fungiM. larici-populina and P. graminis f.sp. tritici
(Duplessis et al., 2011). Those observations in different evolutionary lineages support the hypoth-
esis of Spanu et al. (2010) that large genome size and high repetitive DNA content are common
hallmarks associated with obligate biotrophy. Transposable elements affect the genome by their
ability to move and replicate. They can generate high levels of genetic variation independent
of sexual recombination, and could contribute to genome flexibility responsible for rapid adap-
tation of populations to selection imposed by resistance genes in the case of phytopathogenic
fungi or to environmental constraints for symbionts. The genomes of the basidiomycete fungus
Laccaria bicolor and the ascomycete Tuber melanosporum, which form ectomycorrhizal symbiosis
with their host plant, were also reported to be 65 and 125 Mb respectively, with a high proportion
of repeats (21% and 58% respectively; (Martin et al., 2008, 2010a).
A convergent biotrophic adaptation was also observed at the genetic level, with a common re-
duction of genes which are not essential for the biotrophic lifestyle, such as genes encoding en-
zymes involved in the primary and secondary metabolism (Spanu et al., 2010), enzymes devoted
to plant cell wall degradation (Spanu et al., 2010; Baxter et al., 2010; Duplessis et al., 2011) and
transporters (Spanu et al., 2010). The absence of genes involved in the inorganic nitrate and sul-
fur assimilation pathways also seems to be a feature of obligate biotrophic genomes (Spanu et al.,
2010; Baxter et al., 2010; Duplessis et al., 2011). However, little is still known about the molecular
mechanisms involved in the establishment of the interaction between obligate biotrophic fungi
and their hosts. Investigations on those aspects represent the major challenge in the study of
this class of pathogens.
The future sequencing and annotation of the complete B.g. tritici genome are the next steps in
the exploration of this genome. Sequencing can now be considered through next generation se-
quencing technologies (Nowrousian et al., 2010), and the physical map and BES generated in this
study should greatly facilitate assembly of the genome. The updated Blumeria repeat database
will also help to overcome difficulties related to the massive presence of TEs and simplify the
identification of gene coding sequences. This should provide the opportunity for comparative
studies with the other recently sequenced powdery mildew genomes or, at a broader scale, with
obligate biotrophic genomes, and contribute to the understanding of the molecular features de-
termining the pathogenesis of those parasites.
Acknowledgments
We would like to thank Gabriele Büsing for the excellent technical assistance. We thank the Blu-
gen consortium (✇✇✇✳❜❧✉❣❡♥✳♦r❣) and especially Dr. P. Spanu for access to the barley powdery
mildew genome sequences. This work was supported by the Swiss National Science Founda-
tion grant 3100A-127061/1 (BK), an advanced grant of the European Research Council (durable
25
resistance 249996, BK) and by European Union grant no. ED0007/01/01 Centre of the Region




For 454 sequencing, conidiospores were ground with glass beads (1.7-2.0 mm) in a Mixer Mill
MM300 (Retsch GmbH), then mixed with 2 ml of pre-warmed (65◦C) 2x CTAB buffer (2% CTAB,
200 mM Tris/HCl pH 8.0, 20 mM EDTA, 1.4 M NaCl, 1% PVP, 0.28 M β-Mercaptoethanol) and
incubated for 1h at 65◦C. The volume was adjusted to 6 ml with 2x CTAB. The homogenate was
extracted with an equal volume of dichloromethane : isoamylalcohol (24:1) and centrifuged for
15 min at 2,800 rpm. This step was repeated twice. RNA was digested by RNase A (10 mg/Ât¸l).
DNA was precipitated with 0.7 volume of cold isopropanol and centrifuged for 10 min at 3,200
rpm. The pellet was washed for 15 min with Solution I (76% ethanol, 200 mM sodium acetate,
100 mM Tris/HCl pH 7.4), then 2 min with Solution II (76% ethanol, 10 mM NH4 acetate) and
centrifuged for 2 min at 2,800 rpm. DNA was air-dried and resuspended in 50 µl TE (10 mM
Tris, 1 mM EDTA) buffer.
For the BAC library construction, High Molecular Weight (HMW) DNA was prepared according
to the protocol used by (Pedersen et al., 2002b) with some modifications. One gram of conid-
iospores was lyophilized (220 mg dried material), washed twice in 50 mM EDTA (pH 8.0), 0.5%
Tween 20 followed by centrifugation for 10 min at 3,500 rpm. A third wash was performed
without Tween 20. The pellet was resuspended in 100 µl of 50 mM EDTA (pH 8.0) containing a
cocktail of lysing enzymes (Sigma L1412) at 48 mg/ml. The suspension was incubated at 40◦C
during 20 min, mixed with an equal volume of pre-warmed 1.8% Incert Agarose (Lonza, Rock-
land, USA) prepared in 50 mM EDTA (pH 8.0) and transferred to plastic moulds at 4◦C. After
solidification, agarose plugs were incubated at 37◦C for 20h in LET solution [0.5 M EDTA (pH
8.0), 10 mM Tris-HCl (pH 8.0), 5 mM DTT] containing 48 mg/ml of lysing enzymes. Plugs were
then incubated 2 x 24h at 50◦C in NDA solution [0.5 M EDTA, 10 mM Tris-HCl (pH 9.5), 1%
sodium N-lauroyl sarcosinate] with 1mg/ml proteinase K. Plugs were washed 3 x 1 h in 100
mM EDTA (pH 8.0). For long time storage, plugs were equilibrated in 70% ethanol during 8h at
room temperature and stored at -20◦C.
2.5.2 BAC library construction and characterization
Agarose plugs were equilibrated in ice-cold TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) buffer
(6 ml/plug) for 20h to remove ethanol. Before digestion, plugs were washed 3 x 1h in ice-cold
TE supplemented with 100 mM PMSF, then 3 times in TE without PMSF, and finally stored
overnight in TE at 4◦C. The library construction was performed in two rounds, using 5 and 6
plugs for the first and the second round, respectively.
The library was constructed as described in Peterson et al. (2000) with some modifications
(Simková et al., 2011). To evaluate digestibility of HMW DNA, preliminary tests were performed
on 3 plugs cut into 9 pieces each: the first plug was a control, the second was partially digested
by 10 U/ml HindIII during 20 min, and the third plug was completely digested by 100 U/ml
HindIII during 6h. For library construction, plugs were cut into pieces, distributed three by three
into tubes and partial digestion of the HMW DNA was performed with 4 to 10 U/ml HindIII
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(6.5 U/ml on average). For the first 5 plugs, the partially digested DNA was size-separated by
PFGE (Pulsed-Field Gel Electrophoresis) in a 1% SeaKem Gold Agarose gel (Lonza, Rockland,
USA) in 0.25x TBE under the following conditions: 12.5 ◦C, 6V/cm, switch time 1-50 s, 17h. The
size fraction of 100-150 kb was excised from the gel and subjected to a second step of size selec-
tion in a 0.9% SeaKem Gold Agarose gel in 0.25x TBE (12.5 ◦C, 6V/cm, switch time 3 s, 17h).
The size fraction of 90-150 kb was excised from the gel and split into fractions of 100-120 kb (B)
and 120-150 kb (M1), respectively. The DNA of particular fractions was electroeluted from the
gel and amount of the released DNA was estimated in standard 1% agarose gel by comparing
with dilution series of phage λ. Each of the fractions was used to ligate with HindIII-digested
cloning-ready pIndigoBAC-5 vector (Epicentre, Madison, USA) in1:3.6 molar ratio (DNA:vector).
For the second batch of 6 plugs, only the M fraction (M2) was used for ligation. The recombinant
vector was used to transform E. coli ElectroMAX DH10B competent cells (Invitrogen, Carlsbad,
USA). Bacterial colonies were picked using Qbot (Genetix, New Milton, UK) and ordered in 32
x 384-well plates filled with 75 µl of freezing medium (2YT supplemented with 6.6% glycerol
and 12.5 mg/l chloramphenicol). The BAC library has been stored at -80◦C, and is permanently
maintained at the Institute of Experimental Botany in Olomouc.
Three hundred BAC clones (60 from the B, 160 from the M1 and 80 from the M2 fraction) were
used to estimate the average insert size. The DNA was isolated using standard alkaline lysis
method and digested with NotI (0.02 U/µl). DNA fragments were separated in 1% agarose gel
in 0.25x TBE buffer by PFGE at 12.5◦C, 6V/cm, switch time ramp 1-40 s, 15h. Insert sizes were
estimated by comparing with Lambda Ladder PFG Marker and MidRange Marker I (New Eng-
land Biolabs, Beverly, USA).
For the screening of the library, three dimensional (3-D) pools have been prepared. The 32Âa˘-
plates were subdivided into 4 stacks (8 plates each). Clones of each stack were combined to
create a superpool of clones. Further, 48 3-D pools (8 plate, 16 row, 24 column) were prepared
for each stack. Thus, the entire library is represented by 192 3D-pools. The pools were processed
as described in (Simková et al., 2011).
For fingerprinting and BAC-ends sequencing, two replica of the BAC library were prepared by
inoculating new 384-well plates filled with freezing medium with clones of the master copy.
After 20h growth at 37◦C, the replica were frozen and sent for fingerprinting and BAC-ends
sequencing.
2.5.3 Assessment of FPC assembly accuracy
The two loci used to control the accuracy of the FPC assembly correspond to overlapping BAC
clones identified by PCR-screening of the 3-D pools (plates 1 to 16, 3.75x genome coverage) us-
ing distinct molecular markers. The first region is called locus 2 according to (Oberhaensli et al.,
2011) who previously described the screening approach at this locus. For the second region, we
exploited a genetic map of Bg tritici (Parlange and Keller, unpublished data) and chose arbitrar-
ily the AFLP marker GTCA_E4 (Forward primer: CAAAGGTAATTTCATCCACTGGT; Reverse
primer: CATGACATGAGCAATATCAATACA) for the screening of the 3-D pools. Accordingly,
the locus was named GTCA_E4. Supplementary Figure A.3a and b were produced by parsing
the FPC files using the WICKERsoft software (available on request).
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Abstract
The two fungal pathogens Blumeria graminis forma specialis tritici (B.g. tritici) and hordei
(B.g. hordei) cause powdery mildew specifically in wheat or barley. They have the same life
cycle, but their growth is restricted to the respective host. Here, we compared the sequences
of two loci in both cereal mildews to determine their divergence time and their relationship
with the evolution of their hosts. We sequenced a total of 273.3 kb derived from B.g. tritici BAC
sequences and compared them with the orthologous regions in the B.g. hordei genome. Protein-
coding genes were colinear and well conserved. In contrast, the intergenic regions showed very
low conservation mostly due to different integration patterns of transposable elements. To esti-
mate the divergence time of B.g. tritici and B.g. hordei, we used conserved intergenic sequences
including orthologous transposable elements. This revealed that B.g. tritici and B.g. hordei have
diverged about 10 million years ago (MYA), two million years after wheat and barley (12 MYA).
These data suggest that B.g. tritici and B.g. hordei have co-evolved with their hosts during most
of their evolutionary history after host divergence, possibly after a short phase of host expansion
when the same pathogen could still grow on the two diverged hosts.
3.1 Introduction
Powdery mildew fungi are pathogens which belong to the Erysiphales (Ascomycota) and infect
a wide range of angiosperm plants. About 650 powdery mildew species are known that occur on
almost 10,000 host species (Glawe, 2008). These pathogens are obligate biotrophs: they depend
on living plant cells for survival and reproduction. By forming a haustorium that invaginates the
epidermal cell of the host plant, the fungus establishes a specific feeding structure that enables
the uptake of host nutrients.
Wheat and barley powdery mildew disease is a major problem in the crop producing regions of
Asia, northern Europe, north and east Africa as well as in north and south America (Curtis et al.,
2002). It has negative effects on yield quality (K. Everts, 2001) and quantity (Conner et al., 2003)
and consequently leads to large economic damage. The causal agents, Blumeria graminis forma
specialis tritici (B.g. tritici) and Blumeria graminis forma specialis hordei (B.g. hordei), respectively,
belong to the cereal powdery mildews (Blumeria graminis (DC) Speer), a single species that com-
prises eight formae speciales (ff. spp.) (Inuma et al., 2007). They can be distinguished by their host
specialization because they are restricted to a single host. There is a large interest in studying
the molecular basis of the powdery mildew-host interaction, since this knowledge could lead to
a better understanding of resistance mechanisms. The availability of whole genome information
and emergence of next-generation sequencing techniques is facilitating in silico approaches to
research questions that are difficult to investigate by molecular methods with organisms that are
classically considered intractable.
Infection of barley by B.g. hordei has been studied intensively during the last 20 years (reviewed
in Zhang et al. 2005). The mapping and cloning of powdery mildew resistance (Seeholzer et al.,
2010) and avirulence genes ((Pedersen et al., 2002a; Ridout et al., 2006)) improved our under-
standing of the molecular mechanisms of R-gene dependent powdery mildew resistance in bar-
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ley (Shen et al., 2007). The B.g. hordei genome has been sequenced and annotated in great detail
(✇✇✇✳❜❧✉❣❡♥✳♦r❣, (Spanu et al., 2010)). In addition, large scale analysis of the B.g. hordei proteome
(Noir et al., 2009; Godfrey et al., 2009; Bindschedler et al., 2009) represents valuable resources for
studies on haustoria function. We have initiated research on B.g. tritici genomics by producing a
high quality BAC library from asexual conidia with 8x genome coverage (Parlange et al., 2011).
The B.g. tritici genome size and the repetitive DNA content (about 70%) is comparable to the
genome of B.g. hordei (Parlange et al., 2011).
Wheat (Triticum aestivum) and barley (Hordeum vulgare), the respective hosts of B.g. tritici and
B.g. hordei, diverged about 12 million years ago (MYA) from their last common ancestor (Sup-
plementary Figure B.1), Chalupska et al. 2008; SanMiguel et al. 2002). They belong to the tribe
of the Triticeae along with rye (Secale cereale), Aegilops and other grass species. The host speci-
ficity of B.g. tritici, B.g. hordei and the other Blumeria graminis ff. spp. raises questions about the
evolutionary relationship of these pathogens with their hosts. There are conflicting hypotheses
concerning their evolution. In one model, B.g. tritici and B.g. hordei diverged from a common
ancestor at the same time as wheat and barley and subsequently co-evolved with their present
hosts. An alternative possibility is a "host-jump" of a former non-host pathogen to wheat or
barley (Stukenbrock and McDonald, 2008) in relatively recent times, followed by rapid host spe-
cialization and a subsequent shift to the closely related cereal later on ("host-shift"; Stukenbrock
and McDonald 2008).
In the last decade, several studies have tackled the evolutionary relationship of Blumeria graminis
ff. spp. Wyand and Brown (2003) compared rDNA-ITS (internal transcribed sequences) and
the β-tubulin gene of the wheat, barley, oat and rye powdery mildew pathogens. Because there
were discrepancies between phylogenetic trees of four B. graminis ff. spp. and their hosts, they
considered the co-evolution hypothesis to be unlikely. Instead, they suggested that divergence
of B. graminis ff. spp. in agriculture has taken place within the past 14,000 years (Supplemen-
tary Figure B.1). In contrast, the study of Takamatsu (2004) resulted in a phylogenetic tree that
indicates a B.g. tritici-B.g. hordei divergence of roughly 10 MYA. This estimate was based on 600
bp of the 28S rDNA gene. Furthermore, the analysis of (Inuma et al., 2007) suggests that the
split of the Hordeum and Triticum clades of B. graminis has happened 4.6 million years ago. This
result was based on applying Takamatsu’s mutation rate on rDNA (ITS). This wide range of
divergence time estimates reflects the challenges of fungal molecular dating in the absence of
fossil records (Takamatsu, 2004), reliable mutation rate estimates and sufficient phylogenetically
informative sequences (Wyand and Brown, 2003).
Substitution rates can vary significantly among gene-coding sequences, as an effect of selective
pressure on specific loci or a particular lifestyle of a species. In contrast, the neutral muta-
tion rate of protein-coding genes (the rate of synonymous substitutions at the third base of the
codon) is surprisingly constant across plants, animals, bacteria and fungi (Kasuga et al., 2002).
Phylogenetic distances can only be determined by using a molecular clock when the nucleotide
substitution rate of the compared sequences is constant (Rutschmann, 2006). Unlike protein-
coding genes or sequences with regulatory functions, intergenic regions including pseudogenes
and inactive transposable elements (TE) are assumed to be free from selection pressure. There-
fore, nucleotide substitutions in these sequences occur at a neutral rate (Petrov, 2001). This
concept was the basis for the estimation of long terminal repeat retrotransposon (LTR) insertion
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time in plants (SanMiguel et al., 1998) and fungi (Martin et al., 2010a).
Here, we specifically focus on the evolutionary relationship of B.g. tritici and B.g. hordei. We com-
pared two loci from B.g. tritici BAC sequences with the corresponding regions in the B.g. hordei
genome and calculated their phylogenetic distance based on conserved intergenic sequences or
transposable elements. We found colinearity of orthologous genes while intergenic regions were
poorly conserved and heavily populated with transposable elements. From our divergence time
estimate of about 10 MYA, we conclude that B.g. tritici and B.g. hordei have co-evolved with their
hosts for most of the time after the divergence of wheat and barley.
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3.2 Materials and methods
BAC clone selection, sequencing and annotation
A whole genome shotgun sample of B.g. tritici isolate 96224 was SOLEXA sequenced
(C. Ridout, John Innes Centre UK) and represents a database of short single sequences
(35 bp). B.g. hordei sequences were provided by the Blugen consortium and originate
from the Arachne assembly (version June 2007). Primer pairs (Supplementary Table 2,
✇✇✇✳s❝✐❡♥❝❡❞✐r❡❝t✳❝♦♠✴s❝✐❡♥❝❡✴❛rt✐❝❧❡✴♣✐✐✴❙✶✵✽✼✶✽✹✺✶✵✵✵✶✽✽❳) were designed based
on putative coding sequences present on the B.g. hordei scaffolds and then used to screen the
B.g. tritici BAC library (Parlange et al., 2011) to identify clones containing the orthologous
sequences. After screening the 3D-DNA pools, candidate clones were confirmed by PCR and
insert size was estimated by digestion with NotI on pulse field gel electrophoresis (PFGE). BAC
clones 2p10 (∼95 kb, locus 2), 1f12 (∼130 kb, locus 1) and 12c21 (∼120 kb, locus 1) were shotgun
sequenced using Sanger method and assembled using Phred-phrap (available at phrap.org).
Conserved regions between the B.g. tritici BACs and the B.g. hordei scaffolds were determined
with DOTTER (Sonnhammer and Durbin, 1995). Transposable element annotation on B.g. tritici
and B.g. hordei sequences was done by BLASTN/BLASTX against a Blumeria repeat database
(Parlange et al., 2011) followed by manual verification of hits with DOTTER. Genes were identi-
fied by BLASTX against yeast (✇✇✇✳②❡❛st❣❡♥♦♠❡✳♦r❣) andMagnaporthe oryzae protein database
(✇✇✇✳❜r♦❛❞✐♥st✐t✉t❡✳♦r❣✴❛♥♥♦t❛t✐♦♥✴❣❡♥♦♠❡✴♠❛❣♥❛♣♦rt❤❡❭❴❣r✐s❡❛✴▼✉❧t✐❍♦♠❡✳❤t♠❧; re-
lease 5). Inhouse perl scripts were used to visualize the comparison of the annotated sequences.
Sequence data from this article have been submitted to Gen-Bank under accession Nos.
HQ437159 and HQ437160.
Calculation of divergence time
Intergenic sequences that were conserved between B.g. tritici and B.g. hordei and were at least
1 kb up- or downstream of genes were aligned with the program WATER (EMBOSS package,
❤tt♣✿✴✴❡♠❜♦ss✳s♦✉r❝❡❢♦r❣❡✳♥❡t). Kimura 2-parameter criterion (Kimura, 1980) was applied
to determine the transition/transversion ratio. Based on this, the divergence time was estimated




Screening for orthologous loci in B.g. tritici and B.g. hordei genomes
Since there was no assembled genome sequence available for B.g. tritici, we decided to use single
clones of a B.g. tritici BAC library for a comparative analysis with sequences of the B.g. hordei
draft assembly. The B.g. tritici BAC library was produced from high molecular weight DNA of
conidia and is of high quality (8x coverage, 12,288 clones, 115 kb average insert size, Parlange
et al. (2011)). In order to find gene-rich loci for comparative analysis, we first screened the
B.g. hordei genome (version June 2007, ✇✇✇✳❜❧✉❣❡♥✳♦r❣) for scaffolds with regions larger than
30 kb that contained genes but no sequence gaps. As we were expecting a high content of
repetitive elements in the sequences, the candidate scaffolds from B.g. hordei were first subjected
to a BLASTN search against a dataset of B.g. tritici SOLEXA shotgun reads (single reads of
35 bp) that represent about 6x genome coverage. This allowed us to distinguish high- and
low-copy regions on the B.g. hordei scaffolds without annotating them: regions with hits to
many SOLEXA reads were considered repeat-rich, and those with low SOLEXA coverage as
potentially gene-containing. We chose two gap-free regions with multiple low-copy regions
(supposedly genes) for further analysis. They had a size of 58.6 kb (largest region without gaps)
and 67.6 kb, respectively, and they will be referred to as B.g. hordei locus 1 and B.g. hordei locus
2 hereafter. The two loci were subsequently searched for the presence of genes by a BLASTX
search against fungal protein databases. After gene annotation, primers were designed to
screen the B.g. tritici BAC library. Three B.g. tritici BAC clones were identified and their inserts
were completely sequenced: clones 1f12 and 12c21 are partially overlapping and correspond to
B.g. hordei locus 1, and clone 2p10 contains the region orthologous to B.g. hordei locus 2 (Figure
3.1).
The B.g. tritici BAC sequences and the B.g. hordei loci were fully annotated using homology to
genes from yeast and M. oryzae (5. release, Dean et al. 2005). During the process of transposable
element (TE) annotation, we found that B.g. tritici and B.g. hordei have very similar types of
TEs, namely class 1 retrotransposons such as long terminal repeat (LTR) retrotransposons, long
interspersed nuclear elements (LINEs) and short interspersed nuclear elements (SINEs). Details
on superfamilies and their relative contribution to the total sequences of the analyzed loci are
given in Table 3.1. Individual TE families from B.g. tritici and B.g. hordei were up to 90% identical
at the DNA level. Therefore, TEs in the B.g. tritici BAC sequences and in the B.g. hordei scaffolds
were annotated using a B.g. tritici repeat database which mainly includes TEs that were detected
on high-coverage scaffolds of a preliminary assembly of B.g. tritici whole genome shotgun 454
reads (Parlange et al., 2011).
Locus 1 shows large size differences of intergenic sequences
Locus 1 corresponds to the overlapping B.g. tritici BACs 1f12 and 12c21 and to B.g. hordei scaffold
sc3 (Figure 3.1a). The total length covered by BACs 1f12 and 12c21 is 218.4 kb. Annotation of this
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Figure 3.1. Schematic representation of locus 1 and 2 in B.g. tritici and B.g. hordei: a. locus 1 is located
on the two overlappingB.g. tritici BACs 1f12 and 12c21 (total length 218.4 kb) and the B.g. hordei
scaffold (sc) 3. For comparative analysis, 119.5 kb in B.g. tritici and 58.6 kb in B.g. hordei were aligned.
b. Locus 2 is located on B.g. tritici BAC 2p10 (54.8 kb) and on B.g. hordei scaffold 16. An alignment of
36 kb B.g. tritici sequence and 49.5 kb B.g. hordei sequence was used for comparative analysis.
sequence revealed eight genes, while 49.8% of the total sequence was classified as transposable
elements. A region of 119.5 kb in B.g. tritici can be aligned to 58.6 kb continuous sequence (no
sequence gaps) on B.g. hordei scaffold 3 (Figure 3.1a). The B.g. hordei locus consists of 32.6% TEs
and contains six genes. A detailed alignment of the annotated 119.5 kb B.g. tritici and the 58.6 kb
B.g. hordei sequence (Figure 3.2) revealed microcolinearity of the terminal regions (∼30 and ∼16
kb in B.g. tritici; ∼25 and ∼11 kb in B.g. hordei), separated by a block of non-colinear sequences
of 54.9 kb in B.g. tritici and 11.6 kb in B.g. hordei (Figure 3.2). Six of the eight B.g. tritici genes have
a homolog in the B.g. hordei locus, and these genes are found in colinear positions with the same
transcriptional orientation. The two remaining B.g. tritici genes are not found on the B.g. hordei
sequence because they are located outside of the 119.5 kb region that was aligned (Figure 3.1a).
Descriptions of the six colinear genes are given in Table 3.2. The coding regions of orthologous
genes are 81-95.8% identical (Supplementary Table B.1), and up-and downstream regions up to
1 kb distance to start or stop codon are slightly less conserved than the exons (Figure 3.2).
On the B.g. tritici locus 1, we identified 42 TEs, while on the B.g. hordei locus 1, we found only
21. This difference in TE content explains the large difference in size between the B.g. hordei
and the B.g. tritici locus (Figure 3.2). The B.g. tritici sequence contains four fulllength LTR
retrotransposons and six solo-LTRs (the results of unequal recombination between the LTRs of
a full-length element), whereas no such elements were found in the B.g. hordei sequence. LTR
elements altogether contribute 22.2% to the annotated sequence in B.g. tritici.
Two B.g. tritici SINE families, Yhi and Lie, consist of short elements with a length of a few hun-
dred base pairs. The homologous families in B.g. hordei are named EGH24 (Rasmussen et al.,





















































































































































































































































































































































































Table 3.1. Contribution of TEs in the sequences aligned between B.g. tritici and B.g. hordei.
Locus 1 Locus 2









SINEa 12 5.7 12 11.4 11 11.4 14 12.7
LINEb 7 17.7 15.4 7 29.6 10 10 13.4
LTRc retro-
transposon
10 22.2 0 0.0 0 0.0 1 0.7
soloLTR 6 1.8 0 0.0 4 2.5 6 2.5
Unclassified
TE
7 4.9 2 2.0 4 4.4 6 8.1
a SINE: short interspersed nuclear element
b LINE: long interspersed nuclear element
c LTR: lont terminal repeat
most abundant TEs with a total copy number of 12 in each sequence (Table 3.1). However,
because of their small size, their total contribution to the analyzed B.g. tritici and B.g. hordei se-
quences is only 5.7% and 11.4%, respectively. The two TE families Pele and Laka, which have a
high copy number in both sequences (seven copies in B.g. tritici, two copies in B.g. hordei, Table
3.1) could not be classified as any known TE superfamily. Elements of the Pele family have a
length of about 1450 bp and encode a transcript of unknown function, whereas elements of the
Laka family have a size of only 838 bp and no ORF.
In contrast to the genes which are perfectly colinear, the intergenic regions of the B.g. tritici and
the B.g. hordei sequences are much less conserved. This is due to many TEs, which have inserted
at different sites in the B.g. tritici and B.g. hordei sequences after the two species diverged (Figure
3.2). Only a few TEs are found in orthologous positions (i.e. they have inserted at that position
already in the common ancestor of B.g. tritici and B.g. hordei). All orthologous TEs are located
close to genes, and with increasing distance from genes, fewer orthologous TEs are found (Fig-
ure 3.2). Regions B and C (Figure 3.2) show two TEs located within less than 2 kb distance to a
gene and are conserved in both sequences (Figure 3.2). These elements were already present in
the common ancestor of B.g. tritici and B.g. hordei and therefore represent orthologs. Conversely,
additional elements have inserted either in B.g. tritici or B.g. hordei between a gene and conserved
repeats. This is the case in region D where an insertion occured 900 bp away from gene 2 only
in B.g. tritici, or in region E which has an insertion 273 bp away from gene 4 in B.g. hordei (Figure
3.2). We could determine the precise borders of these two elements (i.e. their precise insertion
site which is flanked by a diagnostic target site duplication), demonstrating that these two inser-
tions must have occurred after the divergence of the two species.
Drastic rearrangements seem to have taken place in the middle region of the locus since species
divergence: region A separates genes 1-3 and genes 4-6 by over 55 kb in B.g. tritici while the
cor responding region in B.g. hordei is only 11.6 kb (Figure 3.2). Besides solo-LTRs, SINEs and
truncated LINEs, there are several nested gypsy LTR retrotransposons in B.g. tritici. Three of
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them are complete elements and therefore could be used to calculate the insertion time by de-
termining the nucleotide differences between the two LTRs of each element (SanMiguel et al.,
1998; Martin et al., 2010a). For two elements, insertion times were estimated at 2.3 ± 0.6 and
2.6 ± 0.6 million years ago, respectively. The third element has inserted very recently and the
exact insertion time could not be determined because the two LTRs were 100% identical. Two
additional LTR elements are either truncated or split by the insertion of another element. In the
corresponding region of the B.g. hordei locus, which has a length of 11.6 kb, only three truncated
LINEs and one SINE element were found (Figure 3.2).
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Locus 2 has a similar size despite dynamic reshuffling of intergenic sequences
BAC 2p10 has a size of 54.8 kb and comprises the major part of the orthologous region of the
second B.g. hordei scaffold sc16 that was studied (Figure 3.1b). The B.g. tritici BAC sequence
contains six genes (Figure 3.3). Details on their annotation and their homologs from yeast and
M. oryzae are described in Table 3.2. All annotated TEs add up to 48.2% of the entire sequence,
the majority of the TEs being short elements with a size of less than 1 kb, primarily SINEs
or truncated LINEs (Table 3.1). Elements of the Laka family are also relatively abundant in
locus 2, with four elements within less than 30 kb (Figure 3.3, light blue boxes). Interestingly,
all these elements are located in immediate proximity to genes or within less than 2 kb
distance. There are no full-length LTR retrotransposons, and the four solo-LTRs are either
associated with SINEs or have inserted into LINEs. Towards the 30 end of the B.g. tritici se-
quence there is an accumulation of LINE elements, which contribute 22.1% to the BAC sequence.
The orthologous B.g. hordei scaffold has a size of 67.6 kb. We annotated seven genes on this
sequence. More than 41% of the entire sequence shows homology to TEs, the most abundant
families belonging to SINEs and LINEs. In general, the TE family types and their frequency
in both the B.g. tritici and B.g. hordei sequence are comparable. However, there are differences
in the percentage that individual superfamilies contribute to the sequence. For example, SINE
elements are twice as abundant in the B.g. hordei sequence compared to B.g. tritici, while LINE
elements represent twice as much sequence in B.g. tritici than in B.g. hordei.
We could only align 36 kb of the B.g. tritici BAC with 49.5 kb of the B.g. hordei scaffold for
a comparative analysis (Figure 3.3) because the orthologous regions were located at opposing
ends of B.g. tritici BAC sequence and B.g. hordei gap-free region (Figure 3.1b). Consistent with our
observations at locus 1, we found that the six genes which are present in the B.g. tritici sequence
are conserved in colinear positions also in B.g. hordei. The corresponding coding sequences are at
least 86.4% identical to each other, with a maximum identity of 94.7% for gene 6 (Supplementary
Table B.1). Sequence conservation drops with increasing distance from coding sequences (Figure
3.3, details A and B), ending about 1 kb upstream of all genes except for gene 5, where about
3 kb including some TEs are mostly conserved. Similarly, highly conserved TEs can be found
in the 4 kb intergenic region between genes 1 and 2 (Figure 3.3, detail C), and also upstream
of gene 4 (Figure 3.3, detail F) although these orthologous elements are less than 80% identical
(cutoff for shading in Figure 3.3 is 80% conservation). While genes are again all in colinear
positions, there are two intergenic regions populated with TEs which are completely different in
the two species. An 8.7 kb cluster in B.g. hordei consisting of two truncated LINEs, three SINEs
and one solo-LTR is absent in B.g. tritici Figure 3.3, detail E), and the region between genes 2 and
3 differs completely in the B.g. tritici and B.g. hordei sequences regarding TE composition Figure
3.3, detail D). While a SINE and a unclassified element are present in this region in B.g. tritici,






















































































































































































































































































































B.g. tritici and B.g. hordei diverged approximately 10 MYA
The sequence alignment of B.g. tritici BAC clones with their orthologous regions in B.g. hordei
revealed that orthologous genes, which are well conserved and colinear, are embedded in re-
gions of high diversity caused by transposon activity. This extensive genomic divergence raised
the question of the phylogenetic relationship between B.g. tritici and B.g. hordei. In the context of
host-pathogen evolution, the divergence time of B.g. tritici and B.g. hordei is of particular interest.
To estimate the divergence time of the two pathogens, we used intergenic sequences (preferrably
TEs) as follows: if a TE sequence is conserved in orthologous loci (i.e. the TE has inserted al-
ready in the common ancestor), this sequence can be used for molecular dating because TEs are
largely free from selection pressure and therefore accumulate mutations at a basic background
rate (Petrov, 2001). Thus, the number of nucleotide substitutions accumulated in orthologous
TEs in the two species is directly proportional to the time of divergence of the two species. If one
has knowledge of the average of the background substitution rate, the number of substitutions in
the orthologous TEs can be used to calculate the divergence time. The substitution rate in plant
genomes has been estimated to be 1.3 x 10−8 nucleotide substitutions per site per year (Ma and
Bennetzen, 2004). (Kasuga et al., 2002) found that mutation rates in fungi, plants and animals are
all very similar and, consequently, we used the mutation rate of 1.3 x 10−8 nucleotide substitu-
tions per site and year. This rate has also been used for molecular dating of LTR retrotransposon
insertions in the truffle genome (Martin et al., 2010a).
In our analysis, we used only intergenic sequences that were at least 1 kb away from start or
stop codons of genes in order to exclude non-coding sequences that might be under selection
pressure (e.g. promoters and downstream elements). Using this restriction, a total of 13 kb con-
served intergenic sequence containing TEs and non-coding sequence was defined, 8.5 kb from
locus 1 and 4.5 kb from locus 2. The application of the basic substitution rate to the 8.5 kb and
4.5 kb of orthologous intergenic sequences resulted in divergence time estimates of 10.09 Myr
(±0.25) for locus 1 and 10.16 Myr (±0.34) for locus 2 (Table 3.3).
Table 3.3. Divergence time estimates for B.g. tritici and B.g. hordei.
Locus Sequence Sites (bp) Transitions Transversions Divergence time MYA
Locus 1 Intergenic 8556 1002 876 10.09 pm 0.25
Locus 2 Intergenic 4556 506 502 10.16 pm 0.34
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3.4 Discussion
Analysis of large, contigous sequences from B.g. tritici
Our annotation of 273.3 kb BAC sequence from B.g. tritici gives an insight into the genome
structure of a cereal powdery mildew. Remarkably, about 50% of the sequence is contributed
by TEs. This is probably an underestimate both for this specific region as well as for the whole
genome since our TE database is possibly not complete and we have specifically selected gene-
containing regions. The very high percentage of TEs is comparable to what was observed in
the truffle genome (∼58% repetitive DNA) and in the genome of the plant pathogenic oomycete
P. infestans (∼74% repetitive DNA). TEs in the B.g. tritici and B.g. hordei sequences are mostly
truncated or degenerated, and full-length copies of larger elements like LINEs or LTR retro-
transposons (3-7 kb length) are rare. This indicates past and present transposon activity in the
genome, and this is supported by the relatively young LTR retrotransposons we found (insertion
times 1-2.6 MYA).
For annotation of genes in B.g. tritici and hordei sequences, we have chosen protein reference
sets from yeast because of the high quality annotation and M. oryzae as a phylogenetically closer
dataset. The predicted proteins in Blumeria corresponded well to M. oryzae reference proteins
in terms of length and homology. Compared to yeast proteins however, there are significant
differences in size in about 50% of the cases, and almost all of them occur in locus 1 (Table 3.2).
We found no indication for gene clustering in the 273.3 kb that we analyzed.
Comparative analysis of B.g. tritici and B.g. hordei orthologous regions
Comparison of the B.g. tritici sequences with their orthologous regions in B.g. hordei revealed
that the genes of these two loci were colinear and well conserved. The coding sequence conser-
vation ranged from 81% to 96% nucleotide identity (peak at 93-94%; Supplementary Table B.1.
Assuming that B.g. tritici and B.g. hordei diverged 10 million years ago, basic mutations would
in average lead to ∼13% nucleotide difference in sequences which are not subjected to selection
pressure. In contrast, many genes are under purifying selection and, therefore, accumulate mu-
tations less frequently than non-coding sequences. This is likely to be the case for the 10 genes
that are at least 87.5% identical between B.g. tritici and B.g. hordei (Supplementary Table B.1). The
two remaining genes (locus 2/gene 3 (86.4%) and locus 1/gene 6 (81%) identity) are probably
under weak selection pressure or under diversifying selection.
There is a high abundance of TEs in intergenic regions and their differential insertion patterns
generate high sequence diversity. The genomes of B.g. tritici and B.g. hordei share a large number
of homologous TE families, such that the same TE database could be used for annotation of
B.g. tritici and B.g. hordei sequences. Non-orthologous members of a homologous TE family in
B.g. tritici and a B.g. hordei were up to 90% identical (e.g. SINE families). Orthologous TEs, i.e.
copies that inserted before the divergence of B.g. tritici and B.g. hordei, were rarely found. In-
stead, TEs are mostly not conserved between B.g. tritici and B.g. hordei sequences, indicating that
there has been high TE activity and intense reshuffling of intergenic squences in both genomes
since the divergence of B.g. tritici and B.g. hordei.
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Opportunities and limitations of molecular dating in mildew fungi
The few available studies on the phylogeny of cereal powdery mildews suggest B.g. tritici-
B.g. hordei divergence times of 14,000 years (Wyand and Brown, 2003), 4.6 MYA (Inuma et al.,
2007) and 10 million years (Takamatsu and Matsuda, 2004). The wide range of estimates does
not provide conclusive information regarding the hypothesis of host-pathogen co-evolution.
The basis of previous estimates were sequences like rDNA fragments/ITS sequences or the
b-tubulin (tub2) and chitin synthetase genes. The use of these sequences for molecular dating
is contentious because they are relatively short and quite conserved among the B. graminis
ff. spp. and therefore only provide limited information. For example, the ITS sequences of
B.g. tritici and B.g. hordei are 91.9% identical (Inuma et al., 2007), and the divergence time of 10.6
MYA calculated on 28S rDNA (Takamatsu and Matsuda, 2004) resulted in a standard deviation
of ±3.6 million years because only 8 polymorphisms were observed in the 600 bp sequences
that were used for comparison. In addition, it was found that the frequency of mutations in
rDNA ITS regions was much lower than in the tub2 gene sequences (Wyand and Brown, 2003),
although ITS regions are considered to be non-functional. Therefore, Wyand and Brown (2003)
suggested to use faster evolving functional genes or rDNA IGS (internal gene spacer) regions
instead of rDNA or ITS. We have chosen non-gene-coding conserved regions of two unlinked
loci within the B.g. tritici and B.g. hordei genome for molecular dating. This allowed us to
identify long phylogenetically informative sequences which are not subjected to any kind of
selection pressure.
The use of adequate mutation rates for specific sequences is crucial to produce precise and
reliable divergence time estimates. For Erysiphales, mutation rates for ITS and 28S rDNA se-
quences have been determined and applied (Takamatsu and Matsuda, 2004). To our knowledge,
our study is the first one where non-coding, conserved sequences were used to determine
phylogenetic distances in Blumeria species. No mutation rate specific for intergenic regions in
Erysiphales genomes is available. However, (Kasuga et al., 2002) suggested that the range of
neutral mutation rates is constant among the clades of plants and fungi, and this was shown
on data from six protein-coding genes and the ITS of rDNA. Therefore, we used the mutation
rate for intergenic regions in plants (Ma and Bennetzen, 2004). This rate has also been used
to determine major cycles of LTR retrotransposon activity in the truffle genome (Martin et al.,
2010a). Our estimate of 10.09 Myr (±0.25) and 10.16 Myr (±0.27) divergence time is fairly
consistent with the 10.6 ± 3.6 MYA suggested by Takamatsu and Matsuda (2004), but with a
much lower standard deviation. We conclude that the estimate presented in this study based on
a total of 13.3 kb intergenic sequence is more robust. Once the complete genome sequence of
B.g. tritici will be available, it can be used for even more accurate molecular dating.
The B.g. tritici-B.g. hordei divergence time of ∼10 MYA suggests host-pathogen co-evolution
over most of the time since the divergence of wheat and barley (divergence 12 MYA). This is
conflicting with Inumas’ estimate based on ITS sequences of 4.6 ± 2 MYA (Inuma et al., 2007)
and with Wyand and Brown (2003), who suggested host-jumping and recent divergence of less
than 14,000 years for several cereal mildew pathogens. The conclusions of Wyand and Brown
(2003) were based on a discrepancy between the tree topology of the oat mildew pathogen
and its host when put in context with the other cereal hosts and powdery mildew pathogens
(Supplementary Figure B.1). Our study focused on the divergence of B.g. tritici and B.g. hordei
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only and, therefore, does not provide information on the evolutionary relationship of other
Blumeria f. sp. like the rye and oat mildew pathogens.
It is interesting to note that our estimated divergence of B.g. tritici and B.g. hordei seems to
have occurred two million years after the estimated divergence of wheat and barley (Chalupska
et al., 2008). If both estimates are correct, the time lag of two million years could represent a
phase where the pathogen was still able to infect both its closely related hosts. The period
of host-range expansion would have come to an end once the hosts had evolved unique
physiological properties and the pathogen had adapted to one host. After this specialization,
the pathogens would then have co-evolved with their hosts. Such a combination of host-range
expansions and host-shifts was suggested in a previous study (Inuma et al., 2007) for the closely
related B.g. tritici, Blumeria graminis ff. spp. tritici, agropyri and secalis (the mildew pathogens
of wheat, Agropyron and rye). These three powdery mildew formae speciales can still mate and
produce normal ascomata and ascospores. Hybridization of B.g. hordei and tritici is also still
possible, but only ascomata are produced and formation of ascospores is rare (Inuma et al.,
2007). Distantly related Blumeria graminis ff. spp. like avenae and poae cannot be hybridized
with triticum clade B. graminis. Thus, it seems possible that host specialization is a process that
can last several million years.
Additionally, there are sometimes extreme incongruities in the phylogenetic trees of hosts
and pathogens where actual host-jumps to more distantly related species must have occurred,
such as the jump of a close relative of B.g. tritici and B.g. hordei from Triticeae to the more
distantly related Avena species (Wyand and Brown, 2003). We conclude that the evolution of
host-pathogen relationships of cereals and B. graminis ff. spp. can take many different routes.
These can range from dramatic host-jumps, resulting in closely related parasites infecting
distantly related hosts, over flexible host shifting to a conservative long-term co-evolution of
hosts and pathogens. Future studies that include a wider range of host-parasite pairs will
be necessary to determine which paths are the ones most frequently taken. Genome-wide
comparative studies on B.g. tritici and B.g. hordei, and comparison to the genomes of the pea and
Arabidopsis powdery mildew (Erysiphe pisi and Golovinomyces orontii) which will be available in
the near future, will provide accurate divergence time estimates for all these species and will
contribute to a better understanding of mildew pathogen-host evolution.
Acknowledgments
We thank Chris Ridout (John Innes Centre, Norwich) for providing SOLEXA sequence data
and Bruce McDonald (ETH Zurich) for helpful discussions. This work was supported by the
Swiss National Science Foundation Grant 3100A-127061/1 (BK) and an Advanced Grant of the
European Research Council (Durableresistance 249996, BK).
44
CHAPTER 4
The wheat powdery mildew genome reveals unique evolution
of an obligate biotroph
Thomas Wicker1,a, Simone Oberhaensli1,a, Francis Parlange1, Jan P. Buchmann1,8, Margarita
Shatalina1, Stefan Roffler1, Roi Ben-David1,9, Jaroslav Doležel2, Hana Šimková2, Paul Schulze-
Lefert3, Pietro D. Spanu4, Rémy Bruggmann5, Joëlle Amselem6, Hadi Quesneville6, Emiel Ver
Loren van Themaat3, Timothy Paape7, Kentaro K. Shimizu7 and Beat Keller1
1Institute of Plant Biology, University of Zurich, Zollikerstrasse 107, 8008 Zurich, Switzerland
2Centre of the Region Haná for Biotechnological and Agricultural Research, Institute of Experimental Botany,
Sokolovská 6, 77200 Olomouc, Czech Republic
3Department of Plant Microbe Interactions, Max-Planck Institute for Plant Breeding Research, Cologne, Germany
4Department of Life Sciences, Imperial College London, Imperial College Road, London SW7 2AZ, UK
5Department of Biology, University of Bern, Baltzerstrasse 6, 3012 Bern, Switzerland
6INRA, URGI, Centre de Versailles batiment 18, Route de Saint Cyr, 78026 Versailles, France
7Institute of Evolutionary Biology and Environmental Studies, University of Zurich, Winterthurerstrasse 190, 8057
Zurich, Switzerland
8Current address: MTT/BI Plant Genomics Lab, University of Helsinki, Biocentre 3, Viikinkaari 1, FIN-00790 Helsinki,
Finland
9Current address: Department of Agronomy and Natural Resources, Institute of Plant Sciences, ARO, The Volcani
Center, Bet Dagan 50250, Israel
aBoth authors contributed equally to this work
Submitted 2013.
Supplementary figures and tables can be found in Appendix C.
45
Abstract
Wheat powdery mildew Blumeria graminis forma specialis tritici (B.g. tritici) is a devastating fun-
gal pathogen for agro-ecosystems worldwide and economically the most important powdery
mildew disease. The evolutionary origin of this pathogen as well as the impact of wheat do-
mestication and the formation of hexaploid wheat as a new host 10,000 years ago are poorly
understood. Here we report on comparative genome analyses of B.g. tritici and the barley pow-
dery mildew B.g. hordei. With a size of 180 Mbp and a repeat content of 90%, the B.g. tritici
genome is the largest and most repetitive fungal genome reported so far. We identified 602 genes
which are under diversifying selection, suggesting that they act as effectors in host/pathogen
interactions and are involved in host specialization. We sequenced the genomes of four B.g. tritici
isolates from different geographical regions. The four isolates differ most notably in the presence
or absence of multiple candidate effector genes. The genomes of the four isolates are mosaics
of ancient and very diverse haplogroups which already existed prior to the domestication of
wheat. The observed haplogroup patterns indicate that B.g. tritici propagates mainly asexually
or through inbreeding. Furthermore, the diversity of old haplogroups in modern B.g. tritici iso-
lates suggests that there was no dramatic loss of genetic diversity upon formation of the new
host bread wheat. We conclude that B.g. tritici’s ready adaptation to a new host species was
based on a highly diverse haplotype pool which provides a large genetic potential for pathogen
variation.
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4.1 Results and discussion
The onset of agriculture and the domestication of crops approximately 10,000 years ago re-
sulted in drastic changes to plant pathogen environments. The genetically uniform agricultural
ecosystems led either to rapid co-evolution of the pathogen with its host during domestication
(host-tracking) or to the emergence of new pathogen species through host jump/shift or hy-
bridization (Haas et al., 2009; Stukenbrock et al., 2011, 2012) (Text 4.2.1). For pathogens such as
wheat leaf blotch Mycosphaerella graminicola and potato blight Phytophthora infestans, this process
was accompanied by dramatic chromosomal changes and loss of genetic diversity (Haas et al.,
2009; Stukenbrock et al., 2011) (Text 4.2.2).
Powdery mildews are obligate biotrophic fungi which grow and reproduce only on living hosts
(Text 4.2.3). The disease occurs early in summer when haploid spores infect plants and asexually
reproduce (Zhang et al., 2005). Sexual reproduction of isolates of opposite mating types in late
summer results in the formation of overwintering chaesmothecia (Text 4.2.4). Cereal powdery
mildew Blumeria graminis has evolved into at least eight formae speciales which specifically infect
one host species each (Inuma et al., 2007). It is assumed that the pathogen uses an arsenal of
effector proteins to infect the host (DeWit et al., 2009; Spanu, 2012; Hückelhoven and Panstruga,
2011). If such an effector is recognised by the plant, it renders the pathogen avirulent and the ef-
fector gene becomes an avirulence gene (Michelmore and Meyers, 1998; Jones and Dangl, 2006).
This genetic "arms-race" selects for effector changes or loss. It is postulated that the specific
effector make-up determines the virulence spectrum of a particular mildew strain (DeWit et al.,
2009; Godfrey et al., 2010; Zhang et al., 2012; Pedersen et al., 2012) (Text 4.2.5). Here, we wanted
to study genetic diversity between and within powdery mildew formae speciales and explore the
impact of the introduction of the new host (bread wheat) on B.g. tritici evolution (Text 4.2.6).
The reference genome sequence of B.g. tritici isolate 96224 consists of a backbone of 250 BAC con-
tigs to which Roche/454 sequence scaffolds were anchored (Table C.1, Text 4.3.2). This allowed
the analysis of genome organization at the megabase level. In total, 82 Mbp of the estimated
180 Mbp genome could be assembled because many highly repetitive sequences were collapsed
or removed from the assembly (Text 4.4.1). We annotated 6,540 genes while over 90% of the
genome was classified as TE sequences (Text 4.4.1). Most of the gene space is covered as 96%
of the eukaryotic core genes were-full length and 98% partially present (CEGMA evaluation).
Many gene families of the primary and secondary metabolism were reduced or absent as in
other obligate biotrophs (Spanu et al., 2010; Raffaele and Kamoun, 2012; Duplessis et al., 2011;
Kemen et al., 2011) (Figure C.1, C.2, C.3, Text 4.4.2, 4.5.1). Fewer than 50% of the genes have
homologs in yeast. In the more closely related Botrytis cinerea, 72% (4,731) have homologs. Al-
most 92% of the predicted B.g. tritici genes have homologs in B.g. hordei, indicating a very similar
overall gene content of the two formae speciales and a large number of genes which are specific
to the genus Blumeria. Of these Blumeria-specific genes, 437 encode candidate secreted effector
proteins (CSEPs, Table C.2, Text 4.4.4).
Based on substitutions in synonymous sites of 5,258 closest gene homologs, we estimate that
B.g. tritici/B.g. hordei diverged 6.3 (± 1.1) million years ago (Text 4.4.3). This narrows down
previous estimates which ranged from 4.7 to 10 million years (Inuma et al., 2007; Oberhaensli
et al., 2011) and indicates that the two formae speciales diverged several million years ago, after
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the divergence of their hosts 10-15 Myr ago (Akhunov et al., 2003; Chalupska et al., 2008). As a
previous study (Oberhaensli et al., 2011), we found gene order to be largely conserved between
B.g. tritici and B.g. hordei while intergenic sequences are divergent due to TE insertions and dele-
tions (Text 4.4.3).
Of the 5,258 B.g. tritici/B.g. hordei gene pairs, 96.6% have a ratio of non-synonymous to synony-
mous substitutions (dN/dS) of less than 0.5 (average 0.24). In contrast, CSEPs showed much
higher dN/dS ratios at an average of 0.8, suggesting that they might be under diversifying se-
lection (Figure 4.1). Indeed, 55 of the 77 CSEPs on which McDonald Kreitman-like tests could
be performed, showed a positive direction of selection (Text 4.4.8). This B.g. tritici vs. B.g. hordei
gene comparison allowed us to identify 165 novel genes which have no homologs in other fungi,
lack a signal peptide but have a dN/dS ratio higher than 0.5. We propose that these genes are
novel candidate effector proteins (CEPs, Text 4.4.4) that are either non-secreted, or secreted by
non-conventional pathways (Nombela et al., 2006). Taking CSEPs and CEPs together, B.g. tritici
has 602 putative effector genes, 9.2% of its total gene complement (Text 4.4.4). Post-infection
transcriptome data showed that expression of 99% of all CESPs and CSEPs, further supporting
their potential involvement in the host/pathogen interaction.
Figure 4.1. Comparison of 5,258 bi-directional closest B.g. tritici/B.g. hordei homologs. The x-axis
indicates the ratio of non-synonymous to synonymous substitutions (dN/dS) for all gene pairs, the
y-axis indicates the number of gene pairs in each class. The red series represents 237 gene pairs
of bi-directional closest B.g. tritici/B.g. hordei homologs encoding candidate secreted effector proteins
(CSEPs) while the blue series represents all other 5,021 gene pairs. For better visibility, the numbers
for non-CSEPs genes were divided by 10.
In addition to the reference genome of isolate 96224 (collected 1996 in Switzerland), we
sequenced isolate JIW2 (collected 1980 in England), isolate 70 (collected 1990 in Israel), and
isolate 94202 (collected 1994 in Switzerland, Text 4.3.1). This allowed us to sample genetic
diversity of the wheat powdery mildew gene pool in different geographical regions (from UK
48
and Israel) as well as within the same country (Switzerland).
The gene content of the four B.g. tritici isolates is almost completely identical. Besides the
expected differences in the mating type locus (Figure C.8, Text 4.4.5), we identified 537 large
deletions (>500 bp) in the three additional isolates. In 16 cases this led to a presence/absence
polymorphisms of genes (Table 4.1). Interestingly, 13 of the 16 deleted genes are effector
candidates. Considering that CEPs and CSEPs make only 9.2% of the gene content, they
are highly over-represented in these presence/absence polymorphisms. CSEP analogs were
described in fungal pathogens of humans and animals (Lee et al., 2003; Xiao et al., 2012) but
specific loss of such genes has, to our knowledge, not been reported. It is possible that loss of
CEP/CSEPs reflects selective pressure resulting from breeding for pathogen resistance which,
unlike in animals and humans, is the norm in crop plants (Text 4.5.2).
Table 4.1. Presence/absence polymorphisms of genes in the three B.g. tritici isolates JIW2,
94202 and 70 compared to reference isolate 96224. Presence and absence of a gene is indicated
with + and -, respectively. CSEP: candidate secreted effector protein, CEP candidate effector
protein.
Gene JIW2 94202 70 Deletion Gene product
Bgt-3306 - - + >100 kb Mating type (Mat1-2-1)
Bgt-2805 - - + >100 kb Mating type (SLA-1)
BgtE-5545 - + + 44 kb CSEP
BgtE-5597 - - - 25 kb CSEP
BgtE-5802a - - - 25 kb CSEP
BgtE-5845 - + + 13 kb CSEP
BgtE-5419 + - + 8 kb CSEP
BgtE-3419 + + - 6 kb CSEP
BgtAc-30466 + - + 5.3 bp CSEP
BgtAc-31249 + - + 15 kb CSEP
BgtAcSP-30824 + + - 4.5 kb CSEP
BgtE-40100 - + + 1.3 kb CSEP
BgtA-21525 - + - 0.6 kb CEP
Bgt-4055 + + - 2.2 kb CEP
BgtA-20784 + + - 9.4 kb CEP
Bgt-369 - + + 13 kb Peptidyl-prolyl isomerase
BgtAc-31336 + - - 0.8 kb ab initiob, no homolog
BgtA-20381 - - + 2.3 kb ab initiob, no homolog
a The two genes BgtE-5802 and BgtE-5597 are paralogs which were deleted in
the same event.
b Gene model originates from ab initio gene prediction.
The 16 genes were lost in deletions spanning between 0.6 and 44 kb. Highly diagnostic sequence
motifs at deletion breakpoints indicate that gene loss is the result of double-strand break repair,
similar to what was described in plants (Wicker et al., 2010; Buchmann et al., 2012) (Figure 4.2a,
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Text 4.4.6). One notable additional polymorphism was found in gene BgtE-5692 where a highly
variable sequence fragment was probably introduced in a gene conversion event (Figure 4.2b,
C.9). Sampling of 6 additional isolates showed no correlation between presence/absence of these
genes and geographical origin of the isolates (Text 4.4.6, Table C.4).
The three re-sequenced isolates differ in 113,967 to 161,117 single nucleotide polymorphisms
(SNPs) from the 96224 reference sequence, the Israeli isolate 70 being the most divergent. Small
insertion and deletions of 1 to 4 bp are almost 100 times less frequent than SNPs (Table C.5, Text
4.4.7). Between 3.7-3.9% of the SNPs were found in CDS of genes and roughly 45% of them are
non-synonymous. For 57% of the genes, the predicted protein was identical. In 30% of all genes,
we identified two protein variants, while 10% had 3 and 3% had 4 different protein variants
(Table C.6). Candidate effector genes have more non-synonymous substitutions than the average
of all genes, indicating that they are under stronger diversifying selection even within the same
forma specialis (Figure C.10, Text 4.4.7).
We observed that the SNP frequency in all isolates varies strongly in different regions of the
genome compared to the reference sequence. For example, in isolate JIW2 approximately 25% of
the genome consists of large segments which are nearly identical to the 96224 reference genome
(0.11 SNPs/kb). These regions are distinct from regions with an approximately 10 times higher
SNP frequency (Figure 4.2c and d, Text 4.4.9). This indicates that the isolates studied are mosaics
of different haplogroups (i.e. chromosomal segments that are more closely related by descent
than others). The average size of haplogroup segments ranges from 87.3 kb in isolate JIW2 to 150
kb in isolate 70. Based on the number of substitutions in the different haplogroup segments, we
could distinguish two distinct groups representing more divergent haplogroups (Hold) and less
divergent ones (Hyoung, Figure 4.3a). In approximately 40% of the genome we could distinguish
three different Hold haplogroups while in about 25% of the genome, four different Hold hap-
logroups are present. In only 2.2% of the genome, all four isolates share the Hyoung haplogroup.
The Hold haplogroups diverged approximately 43,000 to 76,000 years ago from the 96224 refer-
ence (Table C.8). In contrast, Hyoung diverged only approximately 2,100-8,600 (for isolates JIW2
and 94202) and 5,600-11,700 years ago (isolate 70) from the 96224 reference (Figure 4.3a, Table
C.8).
Interestingly, the divergence of the Hold haplogroups coincides with the last ice age (150,000-
10,000 years ago), where it is assumed that wheat ancestors were restricted to the Fertile Crescent
which spans from Israel to Iran (Pinhasi et al., 2005). We hypothesize that different B.g. tritici
lineages (H1, H2 and H3 in the model in Figure 4.3b) diverged by co-evolving with different
ancestral wheat populations in geographically separated areas, and that the descendants of this
diversification are represented in today’s Hold haplogroup segments (Figure 4.3b). In contrast,
the Hyoung haplogroups diverged within the time period of agriculture. We speculate that north-
bound agricultural migration approximately 10,000 years ago could have restricted genetic ex-
change between European and Israeli B.g. tritici lineages. This would explain why the youngest
haplogroup segments shared between them are fewer and diverged 8,700 (+3,000) years ago
while the European isolates share haplogroups which diverged more recently (Figure 4.3b, Table
C.8).
The large haplogroup segments indicate that the mildew isolates studied descended from rela-
tively few sexual recombination events and have since reproduced mainly clonally. B. graminis
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Figure 4.2. Presence/absence polymorphisms and genome sequence variation between B.g. tritici
isolates. a. A map of the reference genome sequence of isolate 96224 is shown at the top. Isolate 94202
differs from the reference genome in the absence of gene BgtE-5419. The gene was lost in a deletion
that removed over 8 kb. Homologous regions in the two isolates are connected with shaded areas.
The presence of a nearly identical 23 bp motif (Signature 1 and 2) precisely bordering the deleted
fragment indicates that the deletion is the result of a double-strand break (see Text 4.4.6, 4.5.2). b.
The candidate effector gene BgtE-5692 contains a highly divergent segment covering parts of exons
1 and 2 (grey boxes) as well as the intron. The small size of the divergent fragment suggests that
it was introduced through gene conversion. SNPs are indicated as blue vertical bars. Three SNPs
which result in amino acid changes are indicated with red arrowheads. The sequence assembly of
both 94202 and JIW2 contains a 110 bp gap in the 5’ region of the gene, indicating a deletion. c. and d.
The B.g. tritici genome is a mosaic of different haplogroups. The reference genome sequence of isolate
96224 is shown at the top, underneath (in arbitrary order), the three re-sequenced isolates. Positions
of SNPs are indicated with coloured vertical lines. Priority was given top-to-bottom. For example all
nucleotide differences between JIW2 and the reference isolate 96224 are shown in red. If one of the
other two isolates shares a SNP with JIW2, this SNP is also displayed in red. Groups of SNPs of the
same colour indicate extensive chromosomal segments which originate from a different haplogroup.
c. Large parts of the B.g. tritici genome are a complex mosaic of haplogroup segments that are dozens
of kb long d. Examples for extensive regions of shared haplogroups.
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Figure 4.3. a. Divergence time estimates of genomic regions derived from different haplogroups.
Haplogroup segments in the genomes of the three re-sequenced B.g. tritici isolates were divided into
regions derived from a young (Hyoung) and a more ancient haplogroup (Hold), compared to the 96224
reference isolate. Divergence time estimate was made individually for each of the 250 FP contigs which
comprise the genome. The x-axis shows ranges of divergence time estimates while the y-axis shows
how many FP contigs fall in the respective age categories. Estimates for Hyoung are depicted in red and
those for (Hold) in blue. b. Model for the evolution of powdery mildew isolates. The divergence and
recombination of haplogroups is correlated to events such as climate change and agriculture (right
side).
52
shows very high sexual recombination rates (Text 4.4.10). Thus, unrestricted mating of different
B.g. tritici isolates would have completely homogenized SNP frequencies across the genomes
and led to very small linkage disequilibrium (Text 4.5.3). In contrast, our observations are con-
sistent with clonal or near-clonal reproduction (e.g. through inbreeding in small populations,
Text 4.4.10, 4.5.3) which is extremely important for pathogens as it preserves successful combi-
nations of genes and avoids acquisition of undesirable avirulence genes (Tibayrenc and Ayala,
2012; Heitman, 2006; Bougnoux et al., 2008). We conclude that the distinct haplogroup patterns
in the B.g. tritici isolates reflect strong selection for clonal propagation and/or inbreeding (Text
4.4.10, 4.5.3).
Blumeria shows a unique evolution in that it has maintained high levels of adaptability and
flexibility. The genomes of B.g. tritici isolates are composed of haplogroup segments that pre-
date the formation of their hexaploid bread wheat host 10,000 years ago (Salamini et al., 2002).
Thus, the shift from wild tetraploid to hexaploid wheat apparently has not reduced genetic
diversity in B.g. tritici (Text 4.4.9, 4.5.4.), suggesting that the B.g. tritici gene pool provided all
necessary genetic diversity for adaption to a range of wheat species. This is also demonstrated
by its recent host range expansion to the hybrid cereal Triticale (Text 4.2.1, 4.5.4). In contrast, in
Phytophthora (Text 4.4.11) and Mycosphaerella, host changes went along with the rapid formation
of new species and loss of genetic diversity (Haas et al., 2009; Stukenbrock et al., 2011, 2012).
Indeed, the youngest two Mycosphaerella species likely date back merely 10,000 and 500 years
(Stukenbrock et al., 2011, 2012) (Text 4.2.2, 4.5.4). Similarly, in Magnaporthe oryzae, possibly as
few as three genes determine host specificity and incompatibility (Tosa et al., 2006) (Text 4.5.4).
This differs dramatically from powdery mildew: modern B.g. tritici isolates still maintain their
ability to infect wild tetraploid wheat, even though the main host globally is hexaploid wheat.
Additionally, formae speciales which diverged millions of years ago are still capable of mating
(Hiura, 1978). Thus, the formation of reproductive barriers as consequence of adaptation to new
hosts might be detrimental to the life style and evolutionary success of mildew.
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4.2 Supplementary text: background information
4.2.1 Blumeria graminis and its hosts
Powdery mildew is a disease that affects a large number of plants (Schulze-Lefert and Vogel,
2000), among them agronomically important crops like wheat and barley. The species Blumeria
graminis, the "cereal powdery mildews", only infects grasses and includes eight so-called formae
speciales (ff.spp.) (Inuma et al., 2007). Formae speciales are subspecies of B. graminis which have
specialised on one host species. The economically most important forma specialis (f.sp.) is pow-
dery mildew of wheat B. graminis f.sp. tritici (hereafter referred to as B.g. tritici) which causes
major yield losses and affects grain quality (Hsam and Zeller, 2002; Griffey, 1993). Other formae
speciales are the powdery mildew of rye (B.g. secalis), oat (B.g. avenae), wheatgrass (B.g. agropyri)
and barley (B.g. hordei). Mating between Blumeria ff.spp. is possible to some extent (Hiura, 1978),
but only leads to progeny in specific combinations, e.g. when B.g. tritici and B.g. agropyri are
crossed.
There are exceptions to this host specificity: for example strains which attack wild cereal species
may have a broader host range (Eshed and Wahl, 1970). Similarly, wheat powdery mildew
B.g. tritici has a host range that includes diploid, tetraploid and hexaploid wheat species. Oc-
casionally host range expansions do occur, as was demonstrated when B.g. tritici has expanded
its range within the past decade to triticale, an artificial hybrid species of wheat and rye (Troch
et al., 2012).
4.2.2 Evolution of plant pathogen interactions
Little is known about the evolution and genetic diversity of fungal plant pathogens. The evo-
lution of both wheat leaf blotch Mycosphaerella graminicola and the potato blight Phytophthora
infestans included host jumps followed by specialisation (Stukenbrock et al., 2007, 2011; Raffaele
et al., 2010). M. graminicola is one of a group of four closely related fungal pathogens (with M. S1
(synonymous with Zymoseptoria pseudotritici), M. S2 and Septoria passerinii) which attack a wide
range of grass species. M. graminicola arose as a new species around the time of wheat domesti-
cation about 10,000 years ago as a result of a host jump from other grasses to wheat (Stukenbrock
et al., 2007). Even more recently, just about 500 years ago, the new species Z. pseudotritici arose
from the hybridisation of twoM. graminicola haplotypes (Stukenbrock et al., 2011). Similarly, Phy-
tophthora jumped hosts multiple times in its recent evolution and can now infect a wide range of
species including tomato and potato (Haas et al., 2009). Speciation and specialisation on a new
host was shown to go along with chromosomal rearrangements and rapid changes of effector
and mating type genes (Stukenbrock et al., 2011; Raffaele et al., 2010; Haas et al., 2009).
Wheat and barley powdery mildew are much more distantly related than the described My-
cosphaerella and Phytophthora. They were estimated to have diverged approximately 4.7 to 10
Myr ago (Inuma et al., 2007; Oberhaensli et al., 2011) and have since co-evolved with their hosts.
How much B.g. tritici and B.g. hordei actually differ at the genome-wide level is not known.
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4.2.3 Obligate biotrophy
Powdery mildews are obligate biotrophic pathogens which can only grow on living host cells.
Obligate biotrophic fungal pathogens are found in very distantly related taxa. For example, pow-
dery mildews which are ascomycetes have diverged from rusts (e.g. Puccinia graminis) which are
basidiomycetes probably more than 400 Myr ago (Taylor and Berbee, 2006). Because most ba-
sidiomycetes and ascomycetes are not obligate biotrophs, obligate biotrophy must have evolved
multiple times independently during evolution.
Research on obligate biotrophs is hampered by the absence of cultivation on artificial media or
transformation. Therefore, much of our understanding of obligate biotrophy comes from com-
parative analysis of genomes of obligate biotrophic with hemi-biotrophic or autotrophic fungi.
Indeed, the recently sequenced genomes of barley powdery mildew (B.g. hordei) and the rust
fungi Puccinia graminis and Puccinia triticina showed that the obligate biotrophs lack many genes
coding for enzymes of the primary and secondary metabolism, carbohydrate metabolism and
transporters (Spanu et al., 2010; Duplessis et al., 2011). Additionally, they also lost genes encoding
enzymes of the metabolism of anorganic sulfate and nitrate (Spanu et al., 2010; Duplessis et al.,
2011). Common to all obligate biotrophs are also large sets of predicted genes which encode
small secreted proteins. Many of them are expressed in haustoria (Spanu et al., 2010) and/or
highly upregulated in planta (Duplessis et al., 2011).
4.2.4 Sexual and asexual life cycles of B. graminis
B. graminis has a sexual and an asexual life cycle. The actual disease is the asexual cycle, which
occurs early in summer. It begins with a haploid conidiospore landing on the leaf and penetrat-
ing the epidermal plant cell wall after formation of an appressorium (Zhang et al., 2005). Inside
the plant cell, the fungus establishes a highly specialised organ called haustorium which invagi-
nates the plasma membrane of the plant cells. This close association of haustorial surface and
plant plasma membrane enables the assimilation of nutrients from the plant and probably pro-
motes the transfer of fungal components into the plant cell. After the haustorium is established,
the fungus grows secondary hyphae and produces new conidiospores which are then further
distributed by wind. If conditions are favourable, a colony formed from a single conidiospore
can produce up to 200,000 new haploid conidiospores (Zhang et al., 2005). It is the vast amount
of white powdery spores produced during the asexual cycle which gave the disease its name.
The sexual cycle is initiated by dryer weather at the end of summer. Hyphae of opposite mating
types (the fungal analogue of genders) fuse for a short diploid cycle. Fruiting bodies called chas-
mothecia are produced in which sexually produced haploid ascospores ripen. Ascospores are
then the founders of a new generation in the next year. The mating type of powdery mildew is
determined by a single genetic locus, the MAT1 locus. The mating type MAT1-1 locus contains
three genes (Mat1-1-1, Mat1-1-3 and SLA) while the mating type MAT1-2 contains two (Mat1-
2-1 and SLA) genes (Coppin et al., 1997). The sex-determining genes Mat1-1-1, Mat1-1-3 and
MAT1-2-1 probably all evolved from a high-mobility group (HMG) transcription factor (Martin
et al., 2010b). Both mating types have been described for the powdery mildew of grape Erysiphe
necator (Brewer et al., 2011). In Blumeria, so far only theMAT1-2 idiomorph of B.g. hordei has been
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described (Spanu et al., 2010).
Chasmothecia can remain dormant during rough weather conditions, allowing the fungus to
over-winter or survive long periods of drought. Our own unpublished experiments showed
that chasmothecia can be stored for years under dry condition at room temperature or at 4◦C,
although capacity to eject ascospores decreases with time. However, asexual conidiospores are
also known to survive winter in so-called "green bridges" (Liu et al., 2012). These might be iso-
lated plants that were not harvested or small plants germinating after harvest. Early planted
winter wheat can also serve as a green bridge.
4.2.5 The gene-for-gene concept of plant resistance
The complex molecular interactions between the plant and the mildew pathogen in a successful
infection are poorly understood. Previous studies suggested that fungi use an arsenal of effector
molecules to manipulate the plant cell (DeWit et al., 2009; Spanu et al., 2010). One group of pu-
tative effector genes encode candidate secreted effector proteins (CSEPs) which are thought to
be secreted based on the predicted presence of signal peptides (Godfrey et al., 2010; Spanu et al.,
2010; Zhang et al., 2012). The current model proposes that such effectors can be recognised by
plant resistance genes in a gene-for-gene manner (Jones and Dangl, 2006) which then triggers the
plant defence reaction. If an effector is recognised by the plant, it renders the pathogen avirulent
and the effector gene becomes an avirulence gene. This "genetic arms-race" between plant and
fungus puts the pathogen under strong diversifying selection pressure to alter or even lose ef-
fectors once they are recognised by the plant. Within formae speciales, it is generally assumed that
powdery mildew strains which have different virulence spectra differ mainly in the composition
of their effector gene set. However, no studies on genome-wide diversity within formae speciales
have been reported so far.
A group of powdery mildew individuals which have asexually descended from a single spore
(i.e. clones) are called an isolate. Clonal propagation is known to be an important factor in the
evolution of human and animal fungal pathogens (Heitman, 2006; Bougnoux et al., 2008). It is
assumed that it is advantageous for a pathogen to multiply clonally, because this preserves the
exact combination of genes and alleles that made it successful. In contrast, sexual recombination
bears the risk of losing effective virulence factor combinations or acquiring undesirable aviru-
lence genes. Therefore, animal pathogens generally greatly reduce their sexual cycle (Heitman,
2006; Bougnoux et al., 2008).
4.2.6 Evolution of B. graminis host species
The host species of B. graminis belong to the subfamily Pooideae (family Poaceae) which evolved
about 20 million years ago (MYA) (Inda et al., 2008). The divergence of wheat and barley occurred
about 9 MYA, and rye split from wheat about 4 MYA (Huang et al., 2002; Akhunov et al., 2003;
Chalupska et al., 2008). Modern wheat is mainly represented by bread wheat (Triticum aestivum,
95% of world wheat production) and pasta wheat (Triticum durum, remaining 5%). Both have
evolved through hybridization of their diploid ancestors (Peng et al., 2011): Hybridization of
wild diploid wheat (Triticum urartu, AA genome) and a close ancestor of the goat grass Aegilops
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speltoides (BB genome) 300’000-500’000 years ago resulted in tetraploid wild emmer (Triticum
turgidum subsp. dicoccoides, AABB (Dvorak and Akhunov, 2005; Haudry et al., 2007)). Domesti-
cation of wild emmer about 10’000 years ago in the fertile crescent of the Near East lead to a
domesticated form of emmer (Triticum turgidum subsp. dicoccum, AABB), and later to Triticum
durum, the pasta wheat. The outcome of a spontaneous hybridization between domesticated
emmer and Aegilops tauschii (DD genome) 9’000 years ago was early spelt wheat (Triticum spelta,
AABBDD) which further evolved to modern bread wheat (Triticum aestivum, AABBDD).
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4.3 Supplementary text: material and methods
4.3.1 Choice of fungal isolates and DNA extraction
Fungal isolates and their cultivation
All B.g. tritici isolates used for this study were collected on T. aestivum. Isolate 96224 which
was collected in Switzerland in 1996 was chosen as genetic source for the B.g. tritici reference
genome. Three additional isolates were used for re-sequencing: Isolate JIW2 was collected in
England in 1980, isolate 94202 was collected in Switzerland in 1994, and isolate 70 originates
from Israel and was sampled in 1990 (isolates full name is Bgt#70 and is part of the collection of
Prof. A. Dinoor, The Hebrew University of Jerusalem). All isolates originate from a single spore
and were propagated asexually on wheat leaves as described by Srichumpa et al. (2005).
Extraction of DNA for Roche/454 sequencing
For 454 sequencing, conidiospores were ground with glass beads (1.7-2.0 mm) in a Mixer Mill
MM300 (Retsch GmbH), then mixed with 2 ml of pre-warmed (65◦C) 2x CTAB buffer (2% CTAB,
200 mM Tris/HCl pH 8.0, 20 mM EDTA, 1.4 M NaCl, 1% PVP, 0.28 M β-Mercaptoethanol) and
incubated for 1h at 65◦C. The volume was adjusted to 6 ml with 2x CTAB. The homogenate was
extracted with an equal volume of dichloromethane : isoamylalcohol (24:1) and centrifuged for
15 min at 740 g. This step was repeated twice. RNA was digested with RNase A (10 mg/µl).
DNA was precipitated with 0.7 volume of cold isopropanol and centrifuged for 10 min at 960
g. The pellet was washed for 15 min with Solution I (76% ethanol, 200 mM sodium acetate,
100 mM Tris/HCl pH 7.4), then 2 min with Solution II (76% ethanol, 10 mM NH4 acetate) and
centrifuged for 2 min at 740 g. DNA was air-dried and resuspended in 50 µl TE (10 mM Tris, 1
mM EDTA) buffer.
Extraction of DNA for Illumina re-sequencing
Conidiospores were suspended in 2 x 400 µl of Solution A (0.35 M Sorbitol, 0.1M Tris pH 7.5, 5
mM EDTA). 2.5 ml Solution B (0.2 M Tris pH 7.5, 50 mM EDTA, 2 M NaCl, 2% CTAB) plus 0.3
g sodium metabisulphite (Na2S2O5) + 10 µl RNAse (DNAse free, 10 mg/ml) were added. The
solution was dispensed as drops in liquid nitrogen and ground to a fine powder. The sample
was thawed at 65◦C for 15 minutes and 2 ml of chloroform were added before mixing. The
sample was centrifuged for 15 minutes at 1,500 g in a swing out rotor. The supernatant was
removed with a wide-bore pipette and 1 vol isopropanol was added. The mixture was cen-
trifuged immediately for 15 minutes at 1,500 g. The pellet was dissolved in 200 µl TE buffer and
then drop-dialysed on Millipore membranes (VSWP, 0.025µm pores, 25mm, cat no:VSWP02500,
Millipore AG, Zug, Switzerland) over 5 liters of TE 1:10 buffer for 24 hours at 40◦C under very
slight agitation. Per filter, 50 µl sample were used. Sample drops were collected by pipetting.
2.6 volumes 100% ethanol and 0.1 volumes 3M sodium acetate were added and the samples
chilled at -20◦C overnight. Samples were collected by centrifugation (15,800 g, 20 min.) at room
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temperature, washed with 70% ethanol and re-suspended in TE. Additional centrifugation steps
of 5 min at 15,800 g were performed to remove clear gel (which might originate from the dialysis
filter) and the supernatant containing the DNA was collected.
4.3.2 Genome sequencing
Roche/454 and Illumina genome sequencing
Genomic DNA from isolate 96224 DNA was sequenced with Roche/454 titanium technology at
the Functional Genomics Center of the University Zurich (Switzerland) to approximately 13x
coverage using single fragment (2,5 million reads, 900 Mbp) and 3 kb insert paired-end libraries
(5 million reads, 1,653 Mbp). Illumina sequencing was performed by GATC Biotech (Konstanz,
Germany, isolates 96224 and JIW2) and TGAC (Norwich, UK, isolates 94202 and 70). From each
isolate, 5 µg of DNA were sequenced with paired-end libraries of 350-450 bp insert size. Isolates
96224 and JIW2 were sequenced to approximately 24-fold coverage, isolates 94202 and 70 were
sequenced to approximately 50 to 70-fold coverage (Figure C.7).
Production of the reference genome sequence of B.g.tritici isolate 96224
Quality trimmed 454 reads were combined with 20,000 BAC end sequences (Parlange et al., 2011)
and assembled using Roche’s Newbler assembler (version 2.5, default parameters, minimum
overlap identity: 99% , minimum overlap length: 50bp). The reference genome sequences was
generated by integrating the scaffolds from the 454 assembly into a BAC library fingerprint
assembly, which consists of 266 contigs (hereafter called "FP contigs") with a total size of 180
Mbp (Parlange et al., 2011). BAC end sequences of BACs present in the FP contigs were used
as linker sequences between 454 scaffolds and FP contigs. The scaffolds were used as queries
in Blast searches against a database of all BAC end sequences. To avoid random anchoring of
scaffolds to repetitive DNA in BAC end sequences, we used three different stringency levels
(from very stringent to less stringent) for the Blast searches. Sequence space between anchored
scaffolds was filled with strings of Ns of a length estimated based on the FP contigs. The BAC
end sequences of 16 short FP contigs were all repetitive and therefore they could not be used to
anchor any 454 scaffolds.
Illumina sequences from isolate 96224 were used to correct the reference sequence for 454 specific
sequencing errors. About 47.9 million reads (two runs on the same 350 bp insert paired-end
library, read size 96 bp, 4.3/4.6 Gbp sequence data) were quality trimmed and aligned to the
reference using CLC assembly cell version 3.2 (CLC bio, Aarhus, Denmark) using the program
clc_ref_assemble_long with parameters -s 0.98 -l 0.95. Nucleotide differences which were present
in all the aligned Illumina reads and had a minimal coverage of 2x were accepted as sequencing
errors and corrected in the reference sequence accordingly.
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4.3.3 Genome annotation
Identification of transposable elements
We used a combination of two B.g. tritici specific repeat libraries to annotate transposable el-
ements. One library contains nucleotide and protein sequences of manually annotated trans-
posons from B.g. tritici and B.g. hordei (Parlange et al., 2011). In order to complete this library,
we used the REPET TEdenovo pipeline (Flutre et al., 2011) for de novo detection of TEs. About
2,000 consensus nucleotide sequences were generated and classified into the main orders (Class
I retrotransposons : LTR, LINE, SINE; Class II DNA transposons: TIR, MITE) or were assigned
to the class "unclassified". These two libraries were used by the TEannot pipeline (Quesneville
et al., 2005) to annotate full-length, degenerated and nested TE copies in the genome.
Gene annotation
Gene prediction in the B.g. tritici reference sequence was done using two approaches. Conserved
genes between B.g. tritici and B.g. hordei were identified by mapping the published B.g. hordei
genes (Spanu et al., 2010) on the B.g. tritici reference sequence using GMAP (Wu and Watanabe,
2005). The recently sequenced B.g. hordei genome contains 5,854 annotated genes (Spanu et al.,
2010). Prior to mapping, the B.g. hordei gene set was carefully searched for sequences with ho-
mology to TEs or TE-related sequences (e.g. EKA homologs (Spanu et al., 2010)) by running
Blast searches of all B.g. hordei genes against an updated version of our Blumeria repeat database
(Parlange et al., 2011) which currently contains the predicted protein sequences of 74 TE fami-
lies. Based on this analysis, 124 B.g. hordei genes were removed from the original B.g. hordei gene
set. The remaining 5,730 B.g. hordei genes were mapped to the B.g. tritici sequence using GMAP
which resulted in 5,398 B.g. tritici gene models. Subsequently, the identified gene models and
TEs were masked on the scaffolds of the 454 assembly. The Augustus gene prediction software
(Stanke and Waack, 2003) was ran on the masked sequences after it was trained on 3,143 CDS
of identified B.g. tritici genes. Ab initio gene models which had homology to TEs in our repeat
library were discarded, and the remaining models were mapped to the genome draft. In a final
step, the structure and location of all genes including the ab initio models were visualized on
the genome draft using IGV (integrated genome viewer, ❜r♦❛❞✐♥st✐t✉t❡✳♦r❣✴✐❣✈) for manual
curation.
To assign functions to gene models, we performed gene ontology analysis (GO) with Blast2Go
software (Conesa et al., 2005) with the entire gene set using the default settings. In addition, we
performed a Blast of the protein sequences against the PFAM database and the Botrytis cinerea
genes (✇✇✇✳❜r♦❛❞✐♥st✐t✉t❡✳♦r❣). Blast searches were performed with the BLASTALL program
(ncbi.nlm.nih.gov) on local Linux servers with local databases. For all analyses, Blast hits with
E-values smaller than 10E-10 were considered significant. We combined all the information avail-
able to provide detailed annotation in the definition line of each gene in the fasta file.
CEGMA (Parra et al., 2007) evaluation was run on the 454 scaffolds using CEGMA version
v2.4.010312. CEGMA (Core Eukaryotic Genes Mapping Approach, ❦♦r❢❧❛❜✳✉❝❞❛✈✐s✳❡❞✉✴
❉❛t❛s❡ts✴❝❡❣♠❛✴) uses a reference set of conserved protein families that occur in a wide range
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of eukaryotes. The degree by which the gene set of a genome covers the CEGMA reference set
is a measure of how complete the gene space of the genome is covered.
Transcriptome sequencing
RNA was extracted from B.g. tritici infected wheat leaves at 4h, 8h, 12h, 24h and 48h post in-
fection. Equal amounts of RNA from each time point were mixed and sequenced with Illumina.
About 1,109 million reads (50bp read length) which represent fungal and wheat RNA from all
five time points were pooled and mapped to the genome of isolate 96224. The mapping was
performed with CLC genomics workbench version 6.0.1 thereby allowing only 1 mismatch per
read and counting only reads which mapped to exons. A total of 7,442,144 reads (0.6%) could
be mapped to the powdery mildew genome. This was expected, because most of the extracted
RNA comes from wheat. For each gene, the number of reads per gene and the average coverage
(total reads in bp divided by the exon length in bp) was calculated to obtain a rough estimate of
the overall expression level.
4.3.4 Comparison of obligate biotrophic and non-obligate biotrophic fungi
For comparison of gene content of obligate biotrophs with other fungi, the genomes and pre-
dicted protein sequences of Puccinia graminis (biotroph), Aspergillus nidulans, Botrytis cinerea and
Magnaporthe grisea were downloaded from ❜r♦❛❞✐♥st✐t✉t❡✳❝♦♠. Note that the number of pre-
dicted P. graminis genes (20,565) in the BROAD dataset differs from the one published (Duplessis
et al., 2011) (17,773) due to different versions of the genome annotation. Homologs were identi-
fied at the protein level using Blastp (predicted protein against predicted protein) or tBlastn (for
the identification of un-annotated genes). For all analyses, Blast hits with E-values smaller than
10E-10 were considered significant. For gene classification, sequences of PFAM domains were
obtained from ❤tt♣✿✴✴♣❢❛♠✳s❛♥❣❡r✳❛❝✳✉❦✴ and were compiled into 9,317 consensus sequences
using an original Perl script. The predicted protein sequences of all genomes used in this study
were then used as query sequences in Blastp searches against the PFAM domain consensus se-
quences.
For genome-wide comparative analysis of metabolic pathways, we used enzymes of Saccha-
romyces cerevisiae biochemical pathways as a reference dataset (SRI International Pathway Tools,
Version 14.0, ❜✐♦✐♥❢♦r♠❛t✐❝s✳❛✐✳sr✐✳❝♦♠). This resource integrates a total of 549 different
enzymes, which were used in tBlastn searches against the genomes of B.g. tritici, B.g. hordei,
B. cinerea, M. grisea, P. graminis and P. triticina.
4.3.5 Comparative analysis of B.g. tritici and B.g. hordei gene homologs
For divergence time estimates and dN/dS analysis, we determined a set of bi-directional closest
homologs of B.g. tritici and B.g. hordei genes: all predicted B.g. tritici proteins were used in Blastp
searches against the predicted B.g. hordei proteins and vice versa. Gene pairs which had each
other as top blast hit in the other dataset were considered bi-directional closest homologs.
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The two predicted proteins of bi-directional closest homologs were aligned with the program
Water from the EMBOSS package (❤tt♣✿✴✴❡♠❜♦ss✳s♦✉r❝❡❢♦r❣❡✳♥❡t✴). To assure a good quality
of the alignments, only those alignments which had a minimum of 45 aligned amino acids
were used for further analysis. On average, the proteins were 92.7% identical and 96% similar.
Distribution of sequence identities was narrow as 96% of all pairs are at least 80% identical.
This high degree of conservation allowed robust alignments in most sequences: in 79% of the
alignments, the entire B.g. tritici protein could be aligned with its B.g. hordei homolog. In 97.1%,
between 95 and 100% of the proteins could be aligned. Visual inspection of a random sample of
100 alignments (50 CSEPs and 50 non-CSEPs) confirmed that protein sequences were generally
very well aligned.
The protein alignment was then used as anchor to generate the corresponding CDS alignment
(i.e. a new alignment was produced with the codons corresponding to each amino acid from
the two sequences) to assure that indeed corresponding bases were aligned. This is an essential
requirement for both molecular dating and dN/dS analyses (see below). The construction of the
CDS alignment from the protein alignment was done with an original Perl script.
dN/dS analysis and tests for direction of selection
The aligned CDS of bi-directional closest homologs of B.g. tritici and B.g. hordei (see above) were
processed with the yn00 program of the PAML package (❛❜❛❝✉s✳❣❡♥❡✳✉❝❧✳❛❝✳✉❦✴s♦❢t✇❛r❡✴
♣❛♠❧✳❤t♠❧) (Yang, 2007). yn00 implements the method of Yang and Nielsen (Yang and Nielsen,
2000) for estimating synonymous and non-synonymous substitution rates. For each of the
gene pairs, the dS rate (synonymous substitutions per synonymous site) and dN rate (non-
synonymous substitutions per non-synonymous site) was calculated. The dN/dS ratios were
assessed separately for the 5,021 non-CSEP and 237 CSEP gene pairs to test whether the group
of CSEPs shows characteristics of positive selection.
dS of all non-CSEPs and CSEP genes were compared to test whether some of the bi-directional
closest homologs might represent deep paralogs. Here, the distribution of dS rates in the 5,021
non-CSEP alignments was used as reference with which the dS rates of CSEPs were compared
(Figure C.6). We used the dN/dS ratio as a new criterion to identify novel classes of effector
gene candidates. We chose the cutoff of a dN/dS ratio of 0.5 for the following reasons: First,
96.6% of the non-CSEP genes have dN/dS values smaller than 0.5. This was chosen somewhat
analogous to a p-value cutoff of 0.05, separating genes into "typical" and "atypical" ones. Second,
the dN/dS distribution of CSEPs has its peak at 0.5 (Figure 4.1). Therefore, this value can be
viewed as the expected dN/dS of a given effector candidate. Third, the average dN/dS of CSEPs
is 0.8 while the average dN/dS of CSEPs is 0.24, the average between the two is 0.52.
McDonald-Kreitman like tests (McDonald and Kreitman, 1991) were employed to estimate the
proportion of adaptive substitutions and the direction of selection in CSEPs. We selected those
bi-directional B.g. tritici/B.g. hordei CSEP homologs for which we had complete sequences for all
four B.g. tritici isolates.
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Characterisation of gene families
Candidate effector proteins (CEPs) and candidate secreted effector proteins (CSEPs) from
B.g. tritici and B.g. hordei were pooled into one Blast database against which all individual
sequences were used as queries. Blast outputs of all CEPs were screened for Blast hits with
E-values <E-20. All proteins that showed homologies with each other at this level were pooled
into a family. Phylogenetic trees using the phylip package (❡✈♦❧✉t✐♦♥✳❣❡♥❡t✐❝s✳✇❛s❤✐♥❣t♦♥✳
❡❞✉✴♣❤②❧✐♣) were drawn for all families with more than 10 members to ascertain that the family
members indeed all showed significant homology with each other. If major branchings of the
phylogenetic tree showed bootstrap values below 50, the families were broken up into smaller
groups at these branchings.
4.3.6 Molecular dating and divergence time estimates
Choice of the synonymous substitution rate
All divergence time estimates were done on sequences which are presumably free from selection
pressure namely intergenic/repetitive sequences or synonymous sites in the CDS of genes. For
our calculations, we assumed that all these sequences accumulate mutations at the same rate
(i.e. the synonymous substitution rate). We used a rate of 1.3E-8 (± 2.29E-9) substitutions per
site per year which was originally proposed by Ma and Bennetzen (Ma and Bennetzen, 2004)
for intergenic regions in grasses. Recent studies showed that this rate could also be applied to
intergenic sequences in powdery mildew because the obtained divergence time estimates were
highly consistent with those of other dating methods that were based, for example, on ribosomal
DNA sequences (Oberhaensli et al., 2011; Takamatsu, 2004). The error estimate (± 2.29 E-9) of the
substitution rate is derived from an earlier publication by Gaut et al. (Gaut et al., 1996) on which
Ma and Bennetzen’s rate is based (Ma and Bennetzen, 2004). Because the 1.3E-8 substitution rate
is twice the rate of 6.5E-9 proposed by Gaut, the error rate of Gaut was also multiplied by two,
resulting in the described error of ± 2.29 E-9.
Divergence time estimate of B.g. tritici and B.g. hordei
To estimate the divergence time of B.g. tritici and B.g. hordei we used synonymous sites in the
CDS of bi-directional closest homologs. We used only alignment positions corresponding to the
third codon base of codons for Ala, Gly, Leu, Pro, Arg, Ser, Thr and Val. For Leu, Arg and
Ser (which all have 6 possible codons), we used only the codons starting with CT, TC and CG,
respectively. These are the codons in which the third base can be exchanged without causing an
amino acid change. We concatenated all the synonymous sites into one alignment and applied
the 1.3E-8 substitution rate to obtain a single estimate for the whole genome. The error estimate
of ± 2.29 E-9 for the substitution rate was then applied on the calculated divergence time. The
Kimura two-parameter criterion was applied to weigh the transition to transversion ratio as
previously described (SanMiguel et al., 1998).
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Molecular dating of B.g. tritici haplogroups
The genomic segments assigned to haplogroups Hold and Hyoung were used for molecular dating.
For dating, genes plus 1 kb of up- and downstream regions were removed to avoid sequences
which are under selection pressure. For the calculation of divergence times we used the same
synonymous substitution described above (1.3 E-8 ± 2.29 E-9 substitutions per site per year, (Ma
and Bennetzen, 2004)). To obtain an estimate for variance and standard deviation, haplogroup
data were processed individually for each of the 250 FP contigs. For example, FP contig Bgt_ctg-
2 has a size of 898 kb of non-N bases. In isolate JIW2, it contains 6 segments that correspond to
haplogroup Hold. These 6 segments add up to 527 kb (59% of the FP contig) and they contain
a total of 729 substitutions. From these numbers, two estimates for the divergence time of Hold
from the 96224 were derived, one with a substitution rate of 1.071E-9 and one with 1.529E-9.
This was done to factor in the error of the substitution rate (see above). In this case, this would
result in two estimates of 43,800 and 62,600 years, respectively. The distribution of the individual
divergence estimates for all FP contigs was used to calculate the overall standard deviation of
the age estimate of the respective haplogroup. Here, the variance was calculated as the square
of the sum of all the differences from the average (∑(Xi − Xaverage)2). The standard deviation is
the square root of of the variance.
4.3.7 Re-sequencing of B.g. tritici isolates
In addition to 96224, three more isolates were sequenced by Illumina to 24x (JIW), 52x (70) or 70x
(94202) coverage, respectively (Figure C.7). The Illumina reads of the three isolates were mapped
to the 96224 reference sequence with the CLC assembly cell (CLC bio, Aarhus, Denmark) to iden-
tify single nucleotide polymorphisms (SNPs). Reads were mapped allowing a maximal number
of four mismatches per 96 bp (parameters clc_ref_assemble_long -s 0.95 -l 0.95). The coverage of
single-copy regions (which include practically all genes) was approximately as expected between
24x (JIW2) and 70x (94202). Sequence coverage shows a gaussian distribution with the peak of
the curve very close the expected coverage ("peak coverage", Figure C.7).
For targeted analysis of specific gene groups, we were granted access to Illumina sequences
of 6 additional wheat powdery mildew isolates (Table C.4). These data were produced in the
framework of a different research project and will be published elsewhere. In these additional
genome sequences, we specifically surveyed those genes that showed presence/absence poly-
morphisms in the three re-sequenced isolates described in this study (Table 4.1). Additionally,
we randomly selected 25 further CSEP genes and 25 non-CSEP genes. The CDS of these 50 genes
were extracted from the 6 additional isolates and aligned using ClustalW.
Identification of high-confidence SNPs
Because of the high repeat content of the B.g. tritici genome, we applied very stringent criteria
for SNP calling and quality control (see methods, Table C.5). In general, we required that SNPs
and InDels are supported by at least 90% of the Illumina reads covering them. If the total
sequence coverage of the position containing the polymorphism was less than 10, we required
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that all reads support the SNP. Furthermore, we discarded SNPs with a coverage more than
3-fold higher than the peak coverage of the respective isolate. This was done to discard false
positives in repetitive regions where Illumina reads from multiple different copies of the repeat
were mapped to a single locus. Consequently, regions which showed numerous ambiguous
SNPs (i.e. several Illumina reads with different bases in a specific position) were discarded in
our SNP calling. This raised the concern that regions with many discarded SNPs would be
mistaken for SNP-poor or SNP-free regions. Thus we plotted the number of discarded SNPs
against the number of accepted SNPs in the whole genome (examples are shown in Figure
C.12). We found no instances where regions with few or no high-confidence SNPs coincided
with regions with many discarded SNPs. We concluded that our SNP mapping methodology
provides robust results for the subsequent gene variation and haplogroup analysis.
Detection of large deletions
After the mapping process, we produced for each isolate a table which describes the coverage
of each base position in the reference genome with Illumina reads from the respective isolates
(using CLC assembly cell, assembly_info -d option). We searched these tables for regions larger
than 500 bp where one or more isolates had a coverage of zero. Additionally, we produced de
novo assemblies of all three isolates with untrimmed Illumina reads using CLC assembly cell
clc_novo_assemble at default parameters. Assembly statistics are described in Table C.10. These
sequence contigs were used for detailed comparison of specific genomic loci where deletions
were detected.
Characterisation of mating type loci and crossing experiments
The mating type loci in the 96224 reference sequence and the Illumina assembly of isolate 70
were identified by Blastn search of a specific 225 bp marker for the B.g. tritici MAT1-2-1 gene
(Brewer et al., 2011). In both isolates, the identified locus aligns with 100% nucleotide identity
to intron 2 and parts of the adjacent exons of MAT1-2-1. MAT1-1-1 was identified by a Blast
search of a 126 bp MAT1-1-1 marker (Brewer et al., 2011) against the JIW2 and 94202 Illumina
de novo assemblies. The coding sequence of MAT1-1-1 was annotated based on homology to
the MAT1-1-1 protein sequence of E. necator. MAT1-1-3 was identified and annotated based on
homology to MAT1-1-3 in other ascomycetes.
Crossing experiments with B.g. tritici isolates
Crosses between B.g. tritici isolates were done as follows: parental isolates were propagated on
the susceptible wheat line Kanzler. After 10-12 days, spores were collected and mixed with a
paint brush. The mixture was then inoculated by brushing on the leaves of three weeks-old
susceptible plants. A transparent plastic cylinder was placed on the infected plants, surmounted
by a paper bag to allow airflow but prevent from any contamination by external spores. As a
control to insure that no cross contamination occurred, additional pots were added to the assay:
(1) pots with Kanzler plants inoculated exclusively with each one of the parental isolates, and
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(2) pots with non-infected Kanzler plants. The pots were placed in the dark for 12 hours and
then in a growing chamber at light/temperature condition of: Day 16h 22 ◦C Night 8h 18 ◦C.
After three to four weeks during which both isolates colonized the plants, watering was stopped
because drought stress of the plant triggers the fungus to enter the sexual reproductive phase.
Three weeks later, chasmothecia, which are the fruiting bodies in which the meiosis occurred
and which contain the ascopores, were visible as black dots on the dried leaves. The plants were
dried out for two additional weeks and leaves bearing the chasmothecia were cut and placed for
one month at 4◦C. To proceed with the ejection of the ascospores, chasmothecia were placed in
high humidity conditions on a wet Wattman paper (16th day, 15-17◦C) and above fresh Kanzler
leaves which were changed every day to collect the ejected spores. Single colonies were isolated
to make sure that each colony corresponds to only one individual spore.
4.3.8 Automated identification of B.g. tritici haplogroup segments
Positions of all SNPs in the three re-sequenced isolates were mapped on the 96224 reference
genome sequence and visualised with an original Perl script (Figure 4.2). The genomes of the
three re-sequenced isolates are mosaics of segments which are practically identical to the 96224
reference sequence (referred to as Hyoung) and regions which have a roughly 5 to 10-fold higher
SNP density (referred to as Hold).
The identification of the different haplogroup segments was automated as follows: SNP dis-
tribution was surveyed in sliding windows of 20 kb across the genome. Because the genome
sequence contains large gaps caused by sequence scaffolds that were anchored on opposite ends
of a BAC clone, sequence gaps larger than 2,000 bp were excised from the genome sequence and
replaced by stretches of 200 Ns for the analysis. This analysis was done on the 128 largest FP
contigs which contain at least 200 kb of non-gap sequence (i.e. 10 times the size of the sliding
window). The resulting SNP density distribution is an overlay of the densities of the SNP-rich
and SNP-poor regions. For all three re-sequenced isolates, density in SNP-rich regions peaked
at approximately 22 SNPs per 20 kb (i.e. 1.1 SNP per kb, example in Figure C.11). For simplicity
we divided the genome in segments with average SNP densities of 22 SNPs per 20 kb or higher
(i.e. Hold) and segments with a lower SNP density. To determine a suitable cutoff between the
two, we simulated SNP densities assuming a random distribution of SNPs at an average density
of 22 SNPs per 20 kb. This simulation showed that practically no segments with 9 or fewer SNPs
per 20 kb (i.e. approximately 1 SNP every 2,300 bp) can be expected by chance. Thus segments
with lower SNP density were defined as Hyoung.
Using this cutoff value, we used distances between neighbouring SNPs to identify breakpoints
between Hold and Hyoung haplogroups. Regions containing SNPs that were spaced at distances
of less than 2,300 bp were assigned to haplogroup Hyoung. Single incidents of too closely spaced
SNPs (for Hyoung) or too widely spaced SNPs (for Hyoung) were ignored. A single large spacing
in a SNP-rich Hyoung region could, for example, be caused by a gap in a sequence scaffold (454
scaffold may contain gaps of few hundred bp up to 2000 bp due to linking of paired-end reads).
Likewise, two SNPs could be closely spaced by chance in an otherwise SNP-poor region.
The mapping of haplogroup segments resulted in a table with start and end positions of Hold
and Hyoung haplogroup segments for each of the four isolates. These were then used for pairwise
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comparisons to determine the genomic regions where isolates share the same haplogroup and
in which segments they differ. Tables with haplogroup positions for all isolates can be obtained
via FTP upon request.
4.3.9 Simulations on unrestricted mating and inbreeding
We wrote perl programs that simulate the outcomes of inbreeding vs. unrestricted mating in
haploid organisms with two mating types. In particular, we wanted to calculate the numbers
of haplogroup (i.e. recombination) breakpoints that can be expected if populations of different
haplotypes mate. The starting point of the simulation was a population of user-defined size
which consists of 50% haplotype 1 and 50% haplotype 2. Each of the two sub-populations
consists to 50% each of two mating types. Thus, the minimal population size is 4. The adjustable
parameters are the number of recombinations in each progeny (i.e. the length of the genetic map
in Morgan), the number of generations and the population size.
All Perl programs used in this study are available upon request.
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4.4 Supplementary text: results
4.4.1 The B.g. tritici isolate 96224 reference genome sequence
Roche/454 sequencing resulted in 11,330,743 reads with an average read length of 206 bp. This
provided an approximately 13-fold coverage of the 180 Mbp genome of B.g. tritici (Parlange et al.,
2011). The resulting sequence assembly has a total size of 97.4 Mbp (82 Mbp non-N bases) and
consists of 3,522 scaffolds (Table C.1). The discrepancy between assembly size (97.4) Mb and
actual genome size (estimated 180 Mbp, (Parlange et al., 2011)) is due to the high repeat content
of the genome. A large number of contigs in the assembly represent collapsed repeat sequences
which is indicated by a much higher read coverage than 13x. Furthermore, about 9.6% of the 454
shotgun reads were excluded by the Newbler assembly software because they were too repetitive
to be integrated.
In total 1,907 sequence scaffolds representing 67 Mbp (82%) of the assembly were anchored to a
backbone of 250 BAC contigs via BAC end sequences. About 15 Mbp of mostly small sequence
scaffolds which could not be anchored were pooled in an additional pseudomolecule (Bgt_ctg-
10,000). The size of large sequence gaps was estimated based on the BAC FP assembly. The total
size of the genome draft based on 454 assembly and BAC end sequence anchoring is 126 Mbp,
of which 82 Mbp are non-N bases (Table C.1).
B.g. tritici has at least five chromosomes
Estimates from chromosome counting or linkage maps are not available for B.g. tritici. To our
knowledge, the sequences of centromeric repeats in powdery mildew are still unknown. It
was therefore not possible to determine the number of chromosomes based on the numbers of
centromers. B.g. tritici telomeres apparently consist of tandem repeats of TTAGGGmotifs, as was
also found in other filamentous fungi (Javerzat et al., 1993). We identified such repeat arrays on
10 sequence scaffolds, indicating the existence of at least 5 chromosomes. However, this figure
must be taken with caution, as coverage of chromosome ends is very poor in whole-genome
shotgun sequencing and technically impossible in the BAC approach. Nevertheless, these data
agree with observations of (Borbye et al., 1992) who postulated five small and at least two large
chromosomes in B.g. hordei.
The B.g. tritici genome contains more than 90% repetitive DNA
We previously estimated 85% of the B.g. tritici genome to consist of repetitive DNA and trans-
posable elements (Parlange et al., 2011). Genome wide annotation of TEs using REPET TEannot
pipeline confirmed that over 75% of the 82 Mbp non-N bases are repetitive. The actual repeat
content of the B.g. tritici genome however is significantly higher. On one hand we know from
assembly statistics that approximately 9.6% of the 454 reads could not be assembled due to their
highly repetitive nature and we expect that many repetitive sequences were collapsed into con-
sensus contigs during the assembly. On the other hand, both the Newbler assembly software as
well as total size of the FP BAC contigs indicate a genome size of approximately 180 Mbp. We
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therefore estimate that the total repeat content of the B.g. tritici genome is at least 90%, which
would be substantially higher than the 75% TEs reported for the B.g. hordei genome (Spanu et al.,
2010). In any case, the repeat content of B.g. tritici is much higher than in the genomes of Tuber
melanosporum (58% TEs, 125Mbp, (Martin et al., 2010a)), Puccinia graminis (45% (Duplessis et al.,
2011)), Botrytis cinerea (3-4% (Amselem et al., 2011)) and Magnaporthe grisea (10% (Dean et al.,
2005)).
B.g. tritici has a gene number similar to B.g. hordei and yeast
The B.g. tritici gene set includes 5,398 genes which were identified through homology with
B.g. hordei genes and 1,142 ab initio gene models, resulting in a gene number of 6,540. The gene
space is mostly covered by the assembly because CEGMA evaluation (Core Eukaryotic Genes
Mapping Approach (Parra et al., 2007)) showed that 237 (95.56%) out of 248 Core Eukaryotic
Orthologous Groups (KOGs) were-full length and 244 (98.39%) partially present. This indicates
that, despite the obviously incomplete coverage of the repetitive fraction, the whole-genome
shotgun approach succeeded in covering the gene space almost completely. The CEGMA evalu-
ation results for B.g. tritici are comparable or even higher than those of other sequenced genomes
of biotrophic fungi (Kemen and Jones, 2012) (B.g. hordei: 94.0% covered full-length, 96.0% cov-
ered partially). One of the 248 KOGs (SOD1/KOG0441) is known to be missing in powdery
mildew genomes (Spanu et al., 2010).
The total gene number of 6,540 is comparable to the approximately 5,700 genes that were an-
notated in yeast (broadinstitute.org), but low in comparison to other fungal genomes which
usually contain between 10,000 and 20,000 genes (Amselem et al., 2011) (Table C.9). Although
the B.g. tritici gene number is similar to that of yeast, only 3,182 (48.6%) of the predicted B.g. trit-
ici genes have yeast homologs (Table C.2). This is very similar to B.g. hordei where 3,254 genes
have yeast homologs (Spanu et al., 2010). Of the B.g. tritici genes which have no yeast homologs,
205 have homology to a PFAM domain, and another 1,344 have a homolog in Botrytis cinerea
(Table C.2).
Gene annotation is difficult and gene number estimates have to be taken with caution (Ben-
netzen et al., 2004). Therefore, the 1,142 ab initio gene models were closely inspected. A total
of 775 models show homology to genes in other fungal genomes and 425 of them also have a
B.g. hordei homolog, which supports these models. Therefore, 6,173 out of the total 6,540 are
high-confidence gene models.
4.4.2 Comparison of gene complements from obligate and non-obligate
biotrophic fungi
To study whether gene content can be associated with the fungus’ biotrophic lifestyle, we com-
pared the gene complements of mildews and rusts (B.g. tritici and Puccinia graminis, both obligate
biotrophs) with those of Aspergillus nidulans (oligotroph), B. cinerea andM. grisea (hemibiotrophs).
While the total number of predicted genes varies greatly among the five genomes, the number
of genes that show homology to the PFAM protein domains is similar in all of them (2,010-
3,382, Table C.9). Interestingly, the number of different PFAM domains varies even less among
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the five genomes: all fungi possess genes with homology to 1,079-1,439 different PFAM do-
mains (Table C.9). This indicates that similar sets of gene families are represented in all five
genomes. However, the fact that the number of identified PFAM families is so similar in all
five fungal genomes while the number of predicted genes ranges from roughly 6,000 (B.g. tritici
and B.g. hordei) to over 20,000 (P. graminis, Table C.9) could indicate very large numbers of yet
unknown genes or it could be indicative of gene prediction artefacts.
We identified 38 gene families which are much smaller in B.g. tritici and P. graminis than in
the non-obligate biotrophs. We categorised them in three groups i) transporters ii) enzymes in-
volved in redox reactions and iii) others (Figure C.1). Carbohydrate transporter families are small
in mildew and rust, as was previously described for P. graminis (Duplessis et al., 2011). B.g. tritici
and P. graminis have only nine and 12 transporter genes, respectively (Figure C.1). In contrast, A.
nidulans, B. cinerea and M. grisea have 55-96 genes encoding carbohydrate transporters. Several
gene families involved in redox reactions are very large in these three but reduced in B.g. trit-
ici and P. graminis (Figure C.1). These include proteins with FAD-binding domains, aldo-keto
reductases, glucose-methanol-choline (GMC) oxidoreductases, flavin binding monooxygenases
and the large family of genes that encode cytochrome P450 proteins. Loss of certain gene families
involved in redox reactions were also found in the obligate biotroph rust of Arabidopsis (Kemen
et al., 2011; Raffaele and Kamoun, 2012). Gene families that are completely absent in powdery
mildew and rust include enzymes that degrade the plant cell wall components such as cellulose,
hemicellulose and pectin (CW, Figure C.2). Reduction in cell wall degrading enzymes has been
previously reported in Ustilago maydis (Kämper et al., 2006; Raffaele and Kamoun, 2012).
Recent studies found that biotrophic fungi lack certain enzymes that are involved in the sulfate
and nitrate metabolism (Baxter et al., 2010; Spanu et al., 2010; Duplessis et al., 2011; Kemen et al.,
2011). To investigate this topic in more detail, we did a genome-wide comparative analysis using
enzymes of Saccharomyces cerevisiae biochemical pathways as a reference dataset. We found that
mildews and rust fungi lack the exact same set of enzymes of the methionine/cysteine path-
ways (Figure C.3). In both, the three enzymes performing the transformation of anorganic sulfur
(SO2−4 ) to sulfite (SO
2−
3 ) are missing. In addition, both lack three enzymes needed to produce
siroheme, a prostethic group required for the function of sulfite reductase (MET10), the enzyme
responsible to convert sulfite into sulfur hydroxide (H2S, Figure C.3c). Curiously, both mildew
and rust fungi still contain one subunit of sulfite reductase (MET10), which should not be func-
tional without the prostethic group siroheme. It is therefore possible that MET10 performs a
second function which does not depend on the prosthetic group.
Additionally, mildews and rusts have deficiencies in the synthesis and catabolism of tryptophan,
phenylalanine and tyrosine, as they lack enzymes that perform the final steps of the biosynthesis
as well as the first steps of degradation of phenylalanine and tyrosine. Again, mildews and rusts
lack the exact same three enzymes (ARO8, ARO9 and ARO10) (Figure C.3a).
4.4.3 Comparative analysis of the B.g. tritici and B.g. hordei gene comple-
ments
All except 367 B.g. tritici genes have homologs in the B.g. hordei genome, indicating that the
overall gene content of the two formae speciales is very similar. We identified 5,258 pairs of bi-
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directional closest B.g. tritici/B.g. hordei homologs and aligned them both at the protein and at
the DNA level (see Text 4.3.5). The CDS of the gene pairs are on average 93.7% identical. The
predicted proteins are 93% identical and 95.8% similar. In total, 2,542,414 amino acid positions
could be aligned of which 156,055 were polymorphic. The 367 B.g. tritici genes which have no
homologs in barley powdery mildew also have no homology to other known proteins and also
do not contain known protein domains (e.g. signal peptides).
Synonymous positions in the CDS alignments were used to estimate the divergence times gene
pairs and overall species divergence (Text 4.3.6). The divergence time estimates for the 5,258
gene pairs is 6.3 ± 1.11 Myr. Thus, based on these CDS alignments, we estimate that B.g. tritici
and B.g. hordei diverged between 5.1 and 7.4 Myr ago. This narrows down previous estimates
which ranged from 4.7 (Inuma et al., 2007) to 10 Myr (Oberhaensli et al., 2011), indicating that
the two formae speciales diverged several Myr ago, but clearly after the divergence of their hosts
9-15 Myr ago (Huang et al., 2002; Akhunov et al., 2003; Chalupska et al., 2008).
Intergenic regions could only be compared to a limited degree. This is because intergenic se-
quences in both B.g. tritici and B.g. hordei contain very high numbers of repetitive sequence
which are difficult to assemble and/or anchor. Nevertheless, we identified one large region of
approximately 300 kb that allowed alignment of B.g. tritici and B.g. hordei genomic sequences.
Out of 22 B.g. tritici genes, 18 genes were found in colinear positions, the few exceptions are
likely due to mis-assemblies (Figure C.4). One B.g. hordei gene was completely absent from
the B.g. tritici genome, indicating a gene loss in B.g. tritici (Figure C.4). Intergenic regions are
strongly divergent due to differential insertions of TE sequence in the two formae speciales. These
data agree with previous findings (Oberhaensli et al., 2011).
4.4.4 Candidate effector proteins show characteristics of diversifying selec-
tion
For previous studies, the criterion for the identification of CSEPs was that the genes code for
short proteins with a signal peptide but otherwise have no homology to known proteins (God-
frey et al., 2010; Spanu et al., 2010). We have identified 437 CSEPs in the B.g. tritici genome, all of
them have homologs in B.g. hordei. To test whether CSEPs are under diversifying selection, we
calculated for each of the B.g. tritici/B.g. hordei homologs the ratio of dS (synonymous substitu-
tions per synonymous site) and dN (non-synonymous substitutions per non-synonymous site).
We found that CSEPs have an average dN/dS ratio of 0.8. In contrast, non-CSEP genes gave
an average dN/dS ratio of 0.24 and 96.6% of them have a dN/dS ratio of less than 0.5 (Figure
4.1). We therefore used the dN/dS ratio as an additional criterion to identify further effector
gene candidates: gene pairs with an average dN/dS higher than 0.5 were considered as possi-
bly being under diversifying selection. As a note of caution, we point out that we propose this
method simply to identify possible effector candidates that do not match the common definition
of small proteins with signal peptides. Since the proteins encoded by these genes do not have a
signal peptide, we refer to them simply as candidate effector proteins (CEPs). These new CEPs
are without exception gene families that have no yeast homologs. Thus, with the 437 CSEPs and
the 165 novel CEPs, the B.g. tritici genome contains an arsenal of 602 putative effector genes.
To address the possibility that some CSEPs or CEPs might be pseudogenes, we analysed data
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of the B.g. tritici post-infection transcriptome. We found that only four CSEPs and four CEPs
showed no evidence of transcription. From the subset of 237 CSEPs which were used for the
comparison with Bgh CSEPs 234 (99%) showed expression.
Candidate effector gene families
We pooled all CSEP and CEP encoding genes from B.g. tritici and B.g. hordei into a database in
order to identify gene families. Interestingly the total number of CEPs and CSEPs in B.g. hordei
is with 565 almost identical with that in B.g. tritici, although B.g. hordei has fewer CSEPs (420)
and more CEPs (145). We grouped the 1,167 candidate effector proteins into 248 families. Most
of them (162) have exactly two members, one from B.g. tritici and one from B.g. hordei. Only
8 gene families have more than 10 members (Table C.3). The largest family has 200 members
and can be subdivided into several subfamilies. The family displays a series of highly conserved
cysteine, tyrosine and phenylalanine residues. In general, cysteines are the amino acid residues
which are the most conserved in families with more than 10 members. Most large families show
differential expansion of subfamilies in either B.g. tritici or B.g. hordei (example in Figure C.5).
Because many CSEP genes are members of gene families, it is possible that differential deletions
of homologs in the two formae speciales could lead to paralogs being wrongly identified as bi-
directional closest homologs ("deep paralogs"). Deep paralogs should show a higher rate of
synonymous substitutions than true orthologs because their actual divergence is further in the
past and they had more time to accumulate substitutions. Indeed, Figure C.6a shows that dS
rates in CSEPs are generally higher than in non-CSEPs (on average 1.4-fold). Consequently
divergence time estimates for CSEPs are overall higher than for non-CSEPs (Figure C.6b). This
indicates that a some B.g. tritici/B.g. hordei genes pairs are deep paralogs. This can also be
illustrated with CSEP family FAM46-114 which contains four cases where the closest B.g. tritici
and B.g. hordei homologs are placed in branches of the phylogenetic tree which diverged prior to
the two formae speciales (Figure C.5). These deep paralogs also have estimated divergence times
that predate the B.g. tritici/B.g. hordei divergence, while divergence times of putative orthologs
mostly coincide with the estimated B.g. tritici/B.g. hordei divergence (Figure C.5).
4.4.5 The mating type locus of B.g. tritici
The mating type locus of B.g. tritici comprises either of the two mating type idiomorphs MAT1-1
or MAT1-2 and is flanked by the SLA2 gene on one side and the APN2/COX13 genes on the
other. We have analysed the MAT loci of four B.g. tritici isolates, two isolates per idiomorph.
In the reference sequence (isolate 96224), all mating type related genes (MAT idiomorph and
flanking genes) were found on the same FP contig (Figure C.8). The genome sequences of the
three isolates that were sequenced with Illumina (JIW2, 94202 and 70) are more fragmented.
Therefore, the mating type genes are located on separate, rather short contigs.
Isolates 96224 and 70 have a MAT1-2 idiomorph. In isolate 96224, the MAT1-2-1 gene is located
within 20 kb distance to the SLA2 gene (Figure C.8). The locus itself is situated on a 454 sequence
scaffold of 40kb size and the genes are surrounded by TEs from various families. APN2 and
COX13 are located on the same FP contig at a distance of about 600kb. The MAT1-2-1 gene of
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isolate 70 was found on a 3.7 kb contig of the Illumina de novo assembly. The coding sequence of
the MAT1-2-1 gene of the two isolates is identical. It has 3 exons and encodes a protein with 343
amino acids that includes a HMG-box domain (aa 169-240). The SLA2 genes of isolate 70 and
isolate 96224 code for proteins of 1029 amino acid length which differ in two amino acids.
Isolates JIW2 and 94202 have a MAT1-1 idiomorph which includes two genes, MAT1-1-1 and
MAT1-1-3. TheMAT1-1-3 andMAT1-1-1 genes are located on different contigs of the Illumina de
novo assemblies (Figure C.8). MAT1-1-3 has 3 exons and encodes a protein of 326 amino acids,
of which the HMG box is well conserved compared to the E. necator MAT1-1-3 (Brewer et al.,
2011). The MAT1-1-3 proteins of the two isolates differ in one amino acid. MAT1-1-1 and SLA2
are located on the same contig, SLA2 upstream of MAT1-1-1 as described for E. necator. The
MAT1-1-1 genes in JIW2 and 94202 are identical and encode a 241 amino acid protein. The alpha
box of the protein shows similarity to the E. necatorMAT1-1-1 protein, but the N- and C-terminal
regions are not conserved. The SLA2 proteins of JIW2 and 94202 differ in one amino acid and
are slightly larger than the proteins encoded by the opposite mating types (isolates 96224 and
70). The SLA2 proteins of the two mating types share 90% similarity. The MAT1-1 idiomorph
apparently does not contain any additional genes such as MAT1-1-2 or MAT1-1-4 which were
found in other fungi (Debuchy and Turgeon, 2006).
The MAT1-2 proteins of B.g. tritici and B.g. hordei share 86% identity and 90% similarity, and the
SLA2 proteins are 96.7% identical and 98.4% similar. In B.g. hordei, the MAT1-2 and the SLA2
gene were found in different loci (Spanu et al., 2010). The MAT1-2 idiomorph and the SLA2
gene of B.g. tritici however are located in the same locus with only 20kb distance, and in the
MAT1-1 idiomorph the SLA2 and MAT1-1-1 genes are even adjacent. Furthermore, COX13 and
APN2 are located on the same FP contig as the MAT idiomorph and the SLA2 gene. In many
ascomycete fungi, APN2 and SLA2 were identified as the flanking sequences of the mating type
locus (Debuchy and Turgeon, 2006). This holds true as well for B.g. tritici, however ANP2 and
SLA2 are located within a larger distance of 600kb.
B.g. tritici isolates of opposite mating types can be crossed easily
A cross between B.g. tritici isolates 96224 and JIW2 was first performed in 2007 at the John Innes
Centre in Norwich (UK). Plants were grown in the greenhouse and the mildews growing on
them produced sufficient chasmothecia to generate a segregating population. This cross was
repeated at the University of Zurich (Switzerland) together with a new cross between isolates
96224 and 94202. Both crosses were done in greenhouses as well as in climate chambers. Under
both conditions both crosses gave a high number of leaves bearing chasmothecia. Depending on
the experiment, ejection of ascospores occurred between day 4 and day 12 after the chasmothecia
were placed in high humidity conditions.
4.4.6 Gene loss in B.g. tritici isolates as result of DNA repair
We identified a total of 537 large deletions (>500 bp), 114 of them are shared between at least two
isolates and only 15 are common to all three isolates. Most deletions affected intergenic regions
which are mainly consisting of TEs. Only in 18 cases, genes are completely or partially deleted
73
in one or more of the three isolates (Table 4.1). Two of these presence/absence polymorphisms
were genes of the mating type locus (see above). The other 16 genes were lost in deletions which
span between 600 bp and 44 kb (Table 4.1). Only in two cases the gene was missing in all three
isolates (Table 4.1). Interestingly, 13 of these 16 genes which are absent in some or all of the
isolates are CSEPs or CEPs, one is a peptidyl isomerase and two are ab initio gene predictions
without homologs in any other fungal genome.
To check whether there is a correlation between geographical origin of an isolates and pres-
ence/absence of a particular gene we studied the 16 genes in 6 additional B.g. tritici isolates, five
Israeli and one Swiss isolate. As Table C.4 shows, there is no correlation between the presence
or absence of a gene and the geographical origin of the isolate.
We wanted to study the possible molecular mechanisms that lead to the observed gene loss. In
the case of gene BgtE-5419, the gene is part of a 8 kb deletion. Upon inspection of the deletion
breakpoint we found a near-perfect 23 bp repeat motif that flanks the region of the deletion in
96224 (Figure 4.2a). This signature is a strong indication that this deletion is the result of the re-
pair of a double-strand break (DSB) which occurred somewhere within the now deleted region.
DSB repair via the single-strand annealing (SSA) pathway leads to deletions and typically leaves
signatures as the ones observed (Agmon et al., 2009).
One additional gene (BgtE-5692) is not actually absent in JIW2 and 94202, but differs strongly
in sequence from the allele in 96224. While most of the gene and its surrounding sequence are
virtually identical between the two alleles, a region of 140 bp has a much higher SNP density
(Figure 4.2b). Possibly, the variable segment was introduced in a gene conversion event during
DSB repair (Figure C.9). Gene conversion can happen between homologous chromosomes (ho-
mologous recombination) or between any homologous sequences in the genome and leads to
transfer of genetic information from the intact locus to the region with DBS (Chen et al., 2007).
4.4.7 Sequence diversity of four B.g. tritici isolates
We detected between 113,000 and 161,000 SNPs in the three isolates. The ratio between transi-
tions and transversions is approximately 1.5 for all isolates. Insertion and deletions (InDels) of
1 to 4 bp (the size range that can be detected by mapping of Illumina reads) were almost 100
times less frequent than SNPs (Table C.5). The Swiss isolate 94202 and the UK isolate JIW2 show
similar levels of polymorphism compared to the 96224 reference genome. With approximately
40% more SNPs and InDels, the Israeli isolate 70 is the most divergent of the three.
In all three isolates, between 3.7% and 3.9% of the SNPs were found in CDS of genes. Out of
these, about 44-46% lead to amino acid changes in the predicted protein sequence (Table C.5).
For each gene, the fraction of non-synonymous substitutions compared to the total number of
substitutions was calculated and normalized by the length of the gene. Values were plotted
separately for CSEPs/CEPs and all other genes (Figure C.10). CSEPs/CEPs contain on average
more non-synonymous substitutions than all other genes.
Interestingly, the different isolates have genomic segments that clearly represent independent
evolutionary lineages, as many genes were present in multiple protein variants. We defined pro-
tein variants as differences in the predicted amino acid sequences of a gene between different
isolates. More than half of the genes (56.8%) show no variation in the predicted amino acid
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sequence (i.e. the same protein variant is represented in the four isolates, Table C.6). 30% of the
genes were present in two protein variants and 13% had three or four protein variants (Table C.6).
Interestingly, CSEPs and CEPs tend to have more protein variants than non-CSEPs/CEPs. How-
ever, we did not test whether that difference is statistically significant.
To sample B.g. triticimore deeply, the sequences of 25 randomly selected CSEP and 25 non-CSEP
genes were extracted from 6 additional isolates (see methods, S2.8), bringing the total of sampled
isolates to 10. For each gene, we counted the total number of polymorphic sites and calculated
the average number of polymorphic sites per 100 bp in multiple alignments of four (isolates
96224, JIW2, 94202 and 70) and all ten sequences. This was done to study whether the number
of haplotypes increases with the number of isolates sampled. Alignments of CSEP genes with
all 10 sequences had in average a 1.6 fold higher number of polymorphic sites per 100bp (0.445
polymorphic sites per 100bp) compared to alignments with only four sequences (0.273 polymor-
phic sites per 100bp). In non-CSEP genes, the difference was even higher with 1.7 fold higher
average number of polymorphic sites per 100bp when 10 isolates where used (0.249 polymorphic
sites per 100bp) as opposed to 4 isolates (0.145 polymorphic sites per 100bp). Again, we found
no correlation between sequence similarity and geographical origin of the isolates.
4.4.8 McDonald-Kreitman like analysis of CSEP genes
To estimate putative adaptive substitutions in CSEPs, the 237 bi-directional B.g. tritici/B.g. hordei
CSEP homologs (Figure 4.1) were analysed using a McDonald-Kreitman test (McDonald and
Kreitman, 1991). In addition, the proportion of adaptive substitutions α and direction of selection
(DoS) was calculated (Stoletzki and Eyre-Walker, 2011). For 12 CSEPs we did not have complete
sequences for all four B.g.tritici isolates due to large sequence gaps or presence/absence poly-
morphisms. These were excluded from the test as well as 86 CSEPs that had no polymorphism
between B.g.tritici isolates. Another 62 had to be excluded because they showed no synonymous
substitutions (which would lead to divisions by zero), leaving a total of 77 CSEPs where the
analysis could be performed.
It should be noted that there is relatively little statistical power with only four isolates. Addi-
tionally, there is sufficient divergence between B.g. tritici and B.g. hordei, but there is very little
polymorphism among B.g. tritici isolates. In total, 7 genes showed a significant χ2 value at p <
0.05 in the McDonald-Kreitman test and a positive direction of selection (DoS). Another 8 CSEPs
closely miss statistical significance with χ2 p values between 0.05 and 0.11, an α > 0.6 and DoS
> 0.3. In total, 55 genes had a positive direction of selection (DoS>0) and an α > 0.1, but do not
pass the McDonald-Kreitman test. A total of 47 CSEPs have an α > 0.5. These 55 genes are good
candidates of selection for future studies with larger numbers of isolates. It is common that only
few genes pass the MK test. In that respect, the MK-like analysis provides strong evidence that
the CSEPs analyzed are indeed under positive selection.
4.4.9 B.g. tritici isolates are mosaics of different haplogroups
We observed that the SNP frequency in all isolates varies strongly along the genome. In all three
isolates, we found regions of variable size which are almost completely identical with the 96224
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reference sequence. These regions are separated by breakpoints from regions with a several-fold
higher SNP frequency (Figure 4.2c and 2d). These distinct segments of varying SNP frequencies
indicate that the isolates studied are complex mosaics of different haplogroups. The more diver-
gent haplogroup we referred to as Hold and to the one that is more similar to the 96224 reference
sequence as Hyoung.
The regions of high or low SNP frequencies differ between the four isolates, indicating that
they are the products of independent recombination events (examples in Figure 4.2c and 2d).
Through pairwise comparison of the haplogroup profiles of the four isolates we identified be-
tween 366 and 618 genomic segments where isolates are of the same haplogroup (Table C.7).
For example, in isolates JIW2 and 94202, we identified 622 genomic fragments (24.2% of the
analysed sequence) that belong to the same haplogroup Hyoung. Interestingly, the Israeli isolate
70 has in all comparisons the lowest fraction of Hyoung segments as only between 6.9 and 8.6%
of its genome is of the same haplogroup as any of the other isolates (Table C.7).
Only very few regions (approximately 2.2% of the genome) are of the same haplogroup Hyoung
in all four isolates. We examined these regions in more detail because they could represent loci
indicating selective sweeps. However, we did not find particular types of genes in these regions.
In fact, some of the invariable regions contained no genes at all.
We identified 518 genomic segments (approximately 24.5% of the genome) where the three Eu-
ropean isolates 96224, 94202 and JIW2 all differ from each other, indicating that these regions are
derived from three different ancient haplotypes. Inclusion of the Israeli isolate 70 in the com-
parison led to the identification of 471 genomic fragments (approximately 17.4% of the genome)
where even four different haplotypes can be distinguished.
4.4.10 Haplogroup segment numbers suggest frequent asexual propagation
and inbreeding
We identified between 764 (isolate 70) and 1312 (isolate JIW2) haplogroup breakpoints across
the genomes (see methods). Thus, the average size of the haplogroup segments is similar in all
three re-sequenced isolates, ranging from 87.3 kb (isolate JIW2) to 150 kb (isolate 70). Consider-
ing the possibility that some sequence scaffolds might not be anchored in the correct order, the
actual length of haplogroup segments in the B.g. tritici genome is probably somewhat longer. To
estimate the number of sexual recombinations that are necessary to obtain the observed number
of haplogroup breakpoints, we simulated recombination in haploid populations. For the sim-
ulations we assumed that the genetic map of B.g. tritici has as size of approximately 2,000 cM
(i.e. 20 recombinations per progeny individual). That is based on the genetic map of B.g. hordei
which has a size of 2,114 cM (Pedersen et al., 2002a). The simulations were run in two ways:
First, we assumed that two large populations (at least 1,000 individuals) representing two dif-
ferent haplogroups can mate without restrictions. Under these conditions, the average number
of haplogroup breakpoints increases in a linear manner. For a genetic map of 2,000 cM, each
generation has on average 10 breakpoints more than the previous one (Figure C.13a). Thus, the
observed numbers would be obtained in 76 (for isolate 70) to 131 sexual generations (for iso-
late JIW2). Second, we studied the influence of population size on the number of haplogroup
breakpoints over long periods of time (e.g. 1,000 sexual generations). In small populations,
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the number of haplogroup breakpoints stabilises relatively quickly after an initial increase. For
example, a population of size 40 will converge towards genomes with approximately 600 hap-
logroup breakpoints within approximately 200 sexual generations (Figure C.13b). Thus, smaller
populations will converge toward fewer haplogroup breakpoints than larger ones due to this
inbreeding effect. In very small populations (e.g. 8 individuals), the genotypes reach a state
analogous to homozygosity in less than 50 generations (Figure C.13a). At this stage, the indi-
viduals differ only in their mating type loci while the rest of their genomes are identical. Our
simulations show that the number of breakpoints converge close to the observed values at small
population sizes of 40-100 (Figure C.13b).
From these data we conclude that the observed patterns can either be explained by inbreeding
of a very small population or through a small number of sexual generations in a large popu-
lation. Either explanation indicates that the isolates studied propagate through asexual (clonal)
reproduction and/or near-clonal reproduction resulting from inbreeding in small populations.
4.4.11 Comparison of sequence diversity in B.g. tritici isolates and in Phy-
tophthora species
We compared the level of sequence diversity between B.g. tritici isolates with those previously
published for Phytophthora species (Raffaele et al., 2010). The three distinct species P. ipomoeae, P.
mirabilis and P. phaseoli differ from the reference genome of P. infestans in 438,804 to 652,688 SNPs
(Raffaele et al., 2010). The 240 Mbp Phytophthora genome is similar in size to that of B.g. tritici.
Therefore, the overall levels of sequence divergence between Phytophthora species are roughly
3-5 times higher than between B.g. tritici isolates. In contrast, the two formae speciales wheat
and barley powdery mildew (which diverged about 6.2 Myra go) are so highly divergent that
an assessment of SNP numbers is no longer possible. These data indicate that at the sequence
level, Phytophthora species are very closely related and probably only diverged a few hundred
thousand years ago (assuming a similar mutation rate for Phytophthora and Blumeria).
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4.5 Supplementary text: discussion
4.5.1 Specific gene loss in biotrophs reflects their life style
We compared the gene complements of obligate biotrophic fungi Blumeria and Puccinia with
those of oligotrophs (A. nidulans) and hemibiotrophs (M. grisea and B. cinerea). Interestingly, the
obligate biotrophs show a strikingly similar pattern of gene loss, despite their vast phylogenetic
distance. The largest differences in sizes of gene families were found in enzymes involved in
redox processes. A previous study suggested a drastic reduction in the secondary metabolism
in obligate biotrophs as key enzymes such as polyketide synthases (PKSs), terpene cyclases, and
di-methylallyl diphosphate tryptophan synthases are missing in obligate biotrophs (Spanu et al.,
2010). Our finding of the drastic reduction of enzymes involved in redox reactions supports this
hypothesis. Redox enzymes are frequently involved in secondary metabolic pathways such as
toxin production. For example 10 out of 17 enzymes in the aflatoxin synthesis pathways perform
redox reactions (Yu et al., 2004).
Ours as well as previous studies (Kämper et al., 2006) showed that biotrophs also lack many
cell-wall degrading enzymes, Blumeria to a greater extent than rust. This indicates that cell
wall penetration is based specifically on mechanical force provided by the appressorium and
no enzymatic degradation of the cell wall is involved. In contrast, hemibiotrophs or autotrophs
need many such genes because the degradation of plant cell wall material is a major source of
carbohydrates. It is also possible that the lack of hydrolases reflects a selective pressure, as such
enzymes or their generated products may be recognised more easily by the plant (Dong et al.,
2011).
As previously described (Spanu et al., 2010; Duplessis et al., 2011; Kemen et al., 2011), both
mildews and rusts lack the exact same set of enzymes of the methionine/cysteine biosynthetic
pathways. The network of the sulfur assimilation pathways that leads to the synthesis of sulfur-
containing amino acids has been reduced dramatically and identically in both. Since ascomycetes
and basidiomycetes have diverged long before the mildews and yeast, these gene sets must
have been eliminated independently in both evolutionary lineages. Additionally, we identified
identical gene loss in the phenylalanine and tyrosine metabolic pathways, similar to what was
described in B.g. hordei (Spanu et al., 2010). This indicates that the evolution to obligate biotrophy
follows very distinct paths that lead to identical outcomes (Spanu, 2012).
4.5.2 Does selection pressure drive specific gene loss in B.g. tritici?
We identified hundreds of large deletions in the genomes of the three isolates. Because most are
in intergenic (i.e. TE) sequences, they most likely have little effect on the fitness of the organ-
ism. Only 16 large deletions led to gene loss. We propose that repair of double-strand breaks
(DSBs) as was previously described for plants (Agmon et al., 2009; Wicker et al., 2010; Buchmann
et al., 2012) led to the deletion of these genes. DSBs probably occur largely randomly across the
genome. Repair of these breaks consequently leads to randomly distributed deletions. Deletions
must occur frequently as is reflected in the hundreds of deletions in TE sequences. Thus, genes
must be affected by deletions also on a random basis. Most gene deletions are probably delete-
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rious and are therefore selected against.
It is intriguing that 13 out of 16 gene deletions affected genes encoding putative effector genes.
Considering that CEPs and CSEPs make only about 10% of the gene content, they are tremen-
dously over-represented in these presence/absence polymorphisms (two-tailed Fishers exact
test: p=1.3E-11). Additionally, two of the deleted non-CEP genes were mere predictions without
homologs in other fungal species. Thus it is possible that these are gene prediction artefacts,
which would make the bias toward CEP/CSEPs genes even greater. Simple redundancy in
CEP/CSEP gene families does not explain this bias. It was shown in fission yeast that large
numbers of genes can be deleted without a visible phenotype and only 17% of all genes were
found to be essential for viability (Kim et al., 2010). Thus, our data suggest specific selection
pressure for loss of these putative effector genes. However, selective loss is only one possible
explanation. Fungal effectors are often functionally redundant. It is therefore possible that some
of the gene losses are simply the result of genetic drift.
Comparison of orthologous loci from B.g. tritici and B.g. hordei showed that intergenic sequences
are not conserved between the two formae speciales. This "genomic turnover" is driven by the am-
plification of TEs and the removal of DNA through random deletions (Oberhaensli et al., 2011),
a process that has also been described for plant genomes (Wicker et al., 2003; Vitte and Panaud,
2005). Thus, deletions must from time to time also affect genes. If a deletion removes an effector
gene whose product was recognised by the host plant, this deletion will become rapidly fixed
in the gene pool as it increases the fitness of the pathogen. However, this comes at the price of
a slow but steady draining of the reservoir of effector genes in the B.g. tritici gene pool. Indeed,
compared to human or animal pathogens, selection pressure on a crop plant pathogen must be
disproportionately stronger because of intense crop breeding for new resistant varieties. In con-
trast, selective breeding for pathogen resistance is a lot less frequent in animals and non-existent
in humans.
4.5.3 Inbreeding and clonal propagation are important factors in B.g. tritici
evolution
It is intriguing how much the genomes of the four powdery mildew isolates differ from each
other. Until now, powdery mildew isolates were distinguished by their virulence to specific host
varieties. Such virulence or avirulence can, in theory, be caused by one single point mutation
that alters or destroys an effector gene. However, we found that isolates differ in the sequences
of thousands of genes, many of them are CEPs and CSEPs. Even the two Swiss isolates differ
as much from each other as they differ from the British isolate. Furthermore, the genomes are
mosaics of very distinct haplogroups, some of which diverged 55,000 to 65,000 years ago.
These findings raise the question how these distinct genotypes evolved. If different lineages
and haplogroups had been mixed continuously since tens of thousand of years, haplogroups
would be completely homogenised and haplogroup segments would not be recognisable any-
more. Our simulations suggest two explanations for the observed numbers of haplogroup break-
points: First, it is possible that a large population (e.g. 1,000 individuals) population originally
consisted of two sub-populations of different haplotypes which were able to mate without re-
strictions. Such unrestricted mating between all individuals of the population would result in
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genomes with the observed haplogroup patterns after approximately 100 sexual generations.
The second explanation is that small populations propagate through inbreeding over long peri-
ods of time. In this case, the number of haplotype breakpoints would stabilise at a certain level
because the inbred population has reached a state of "homozygosity" (i.e. individuals only differ
in their mating type locus while their genomes are otherwise identical). At this point, sexual
propagation would be largely clonal (except for the inevitable difference in the mating type loci).
Here, it is necessary to point out that in the haploid B.g. tritici system, "homozygosity" refers to
the origin of haplotype segments in a genotype (synonymous with autozygosity or "identical by
descent").
Clonal reproduction has been shown to be extremely important for fungal pathogens in animals
and humans as it preserves successful combinations of genes and alleles (e.g. Candida albicans
and Cryptococcus neoformans, (Heitman, 2006; Bougnoux et al., 2008; Tibayrenc and Ayala, 2012)).
In contrast, sexual recombination can lead to the loss of effective virulence factors or to the acqui-
sition of undesirable avirulence genes (Heitman, 2006; Bougnoux et al., 2008). Nevertheless, rare
sexual or parasexual recombination is viewed as essential for successful adaptation to changes
in environment or for drug resistance (Bougnoux et al., 2008; Heitman, 2006).
In Blumeria, both the asexual and the sexual cycle regularly occur. Thus, individual powdery
mildew isolates could propagate purely clonally through asexual spores that over-winter be-
cause of their vast numbers and the availability of "green bridges" (Liu et al., 2012). Alterna-
tively, successful genotypes could be maintained through inbreeding. Our simulations show
that inbreeding in populations of 40-100 individuals leads to homozygosity within 200 to 500
generations (Figure C.13).
In summary, we propose that B.g. tritici isolates mostly propagate in a clonal or near-clonal
manner (which may include some inbreeding) (Tibayrenc and Ayala, 2012). The trigger for the
formation of a new mildew isolate is the recombination of different haplogroups. We specu-
late that specific gene combinations which are contributed by the two different haplogroups
determine the virulence (i.e. success) of the new isolate. These precise combinations of genes
are strongly selected for, thus allowing only asexual propagation or a very limited sexual re-
combination between individuals that contain the successful gene combinations. The sexual
recombination between the successful genotypes leads to rapid inbreeding. This highly inbreed
population can then propagate in a quasi-clonal manner while the presence of both mating types
still allows the regular production of winter-hard spores. Therefore, the potential of recombi-
nation by outbreeding with other mildew isolates and thus the possibility to adapt to changing
environments such as host plants with new resistance genes would be maintained.
This situation is reminiscent of that inMagnaporthe oryzae where asexual propagation is predom-
inant in most parts of the world. However, in Magnaporthe oryzae sexual recombination seems to
be restricted to the center of origin of the pathogen (the Himalayan foothills) while most strains
that have spread asexually all over the world have lost female fertility (Saleh et al., 2012a,b). This
is in contrast to Blumeria where isolates obviously have maintained their ability to reproduce
sexually (as our crossing experiments show) despite a predominantly asexual propagation. In
this respect Blumeria also differs from the hemibiotroph Colletotrichum species which seem to
propagate exclusively asexually (Dean et al., 2012).
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4.5.4 B.g. tritici evolution differs from that of hemibiotrophic pathogens
Most wheat varieties used nowadays in agriculture are hexaploid (Triticum aestivum) which orig-
inated only approximately 9,000-12,000 years ago (Salamini et al., 2002). However, the genomes
of the B.g. tritici isolates (which all have hexaploid wheat as host) are composed of haplogroups
which diverged already at least 48,000 years ago. Thus, the initial radiation of B.g. tritici hap-
logroups must have occurred on tetraploid wheats as hosts which existed for at least 300,000
years (Dvorak and Akhunov, 2005; Haudry et al., 2007). We conclude that the host shift from
wild tetraploid to domesticated hexaploid wheat did not result in a reduced genetic diversity in
B.g. tritici.
It is known that B.g. tritici isolates can infect tetraploid as well as hexaploid wheat, but there ap-
pears to be some degree of "fine tuning" with specific isolates preferring hexaploid or tetraploid
wheat (Eshed et al., 1994). This suggests that the B.g. tritici gene pool provides all necessary
genetic diversity for adaption to a range of tetraploid and hexaploid wheat species. Obviously,
our sample of four completely sequenced isolates can not sufficiently assess the diversity of the
B.g. tritici gene pool. However, a previous analysis of 12 genes from 203 B.g. tritici isolates (141
from the US, 34 from UK and 28 from Israel) (Parks et al., 2009) identified the presence of 25 dif-
ferent haplotypes. Diversity was highest in UK and Israeli isolates where 14 different haplotypes
were identified. Additionally, our own additional sampling of isolates showed that the number
of polymorphic sites of 50 randomly selected genes increased approximately 1.6 fold when se-
quences from 6 additional isolates were added to the four isolates presented in this study (i.e.
in total 10 sequences per gene). These data support our conclusion that a large diversity of B.g.
tritici races can attack hexaploid wheat.
This host range expansion is strikingly different from Phytophthora and Mycosphaerella species
where host changes went along with the formation of new species and loss of genetic diversity
(i.e. bottlenecks, (Haas et al., 2009; Stukenbrock et al., 2010, 2012)). In the case of M. graminicola,
the occurrence of the new host Triticum aestivum is even believed to be the trigger for the forma-
tion of the species (Stukenbrock et al., 2011).
Millions of years of evolution have not led to species formation in Blumeria. In contrast, the
genera Phytophthora and Mycosphaerella consist of different, albeit closely related species. In fact,
M. graminicola arose as a new species only about 11,000 years ago (Stukenbrock et al., 2010) while
the hybridisation of two M. graminicola haplotypes that gave rise to Z. pseudotritici probably
dates back merely 500 years (Stukenbrock et al., 2012). It is unclear what caused the reproduc-
tive isolation of these very closely related species, but it was suggested that a series of specific
changes in mating type genes are at least in part responsible for the formation of the species
barrier (Stukenbrock et al., 2011). This situation is very different from what we find in B.g. tritici.
The genomes of the B.g. tritici isolates are composed of segments from a much more ancient and
divergent gene pool than for example those in M. graminicola and Z. pseudotritici. And yet, our
own experiments have shown that they can be crossed without difficulties (Text 4.4.5). There is
not even a species boundary between B.g. tritici and B.g. hordei formae speciales because mating
and production of fertile offspring between them is possible (Hiura, 1978), although we found
that they are at least 80 to 100 times more divergent at the DNA level than the various species of
the Phytophthora and Mycosphaerella genera.
The lack of species boundaries between Blumeria formae speciales and the presence of ancient
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haplogroups in the genomes of B.g. tritici isolates is in strong contrast to the rapid and frequent
formation of new species in Phytophthora and Mycosphaerella. Furthermore, the possible absence
of genetic bottlenecks suggests a greater ability for adaptation to new host species in powdery
mildew than in the hemibiotrophs Phytophthora and Mycosphaerella.
The situation in Blumeria is somewhat similar to that in the hemibiotroph M. oryzae where dif-
ferent isolates can attack distantly related grasses such as rice or wheat (Couch and Kohn, 2002).
These isolates clearly belong to the same species as they can be crossed and avirulence/virulence
segregates in a 7:1 ratio, indicating that it is determined by only three genes (Tosa et al., 2006).
This simple heritability pattern suggests a very close phylogenetic relationship of the two iso-
lates. However, an important difference is that B.g. tritici isolates that attack hexaploid bread
wheat still largely maintain their pathogenicity on tetraploid wheat species (Eshed et al., 1994)
while in the described M. oryzae isolates, specific gene combinations make the fungus incompat-
ible with the host. In this respect, the situation is more similar to that in the hemibiotroph fungi





5.1 Quality of the B.g. tritici reference sequence
De novo sequencing of a genome requires much more effort than re-sequencing of a known
genome. The complexity of a de novo sequencing project is determined by the genome size and
the percentage of repetitive DNA. Many fungal genomes are small (less than 40Mb) and not
very repetitive, which makes them suitable candidates for sequencing using NGS technologies.
Blumeria graminis genomes however are exceptionally large (B.g. hordei 120 Mb Spanu et al. (2010),
B.g. tritici 180Mb) and have a very high content of repetitive elements (B.g. tritici about 90% TEs).
Recently published fungal genomes with similar characteristics, i.e. Tuber melanosporum,Melamp-
sora populina, Puccinia graminis, as well as B.g. hordeiwere sequenced by Sanger sequencing (Table
5.1, Martin et al. (2010a); Duplessis et al. (2011); Spanu et al. (2010)). Why it was possible to se-
quence the B.g. tritici genome with NGS with a resulting quality that is comparable to genomes
sequenced by Sanger technology only (Table 5.1), is discussed in the following paragraphs:
Genomic DNA of isolate 96224 was sequenced with Roche/454 technology which at that time
generated reads of about 400bp average length. The use of a middle size read length, paired-end
data with a 3kb insert size and the integration of 20’000 BAC end sequences (Sanger, 600bp av-
erage length) led to a de novo assembly of only 3,522 scaffolds (assembly size: 97.4 Mb including
sequence gaps). In comparison, a de novo assembly of the same isolate based on Illumina data
only resulted in over 96,000 contigs (assembly size: 66.7 Mb).
By anchoring the 3,522 scaffolds from the 454 assembly to a BAC library Finger Print (FP) as-
sembly (Parlange et al., 2011) the number of "pseudomolecules" was reduced to 250. This is
excellent compared to other genomes of comparable size and repetitiveness (T. melanosporum:
398 scaffolds, M. populina 462 scaffolds, B.g. hordei: 6,898 scaffolds, Table 5.1) and makes studies
on large-scale genome structure feasible.
Out of 6,540 B.g. tritici gene models in total, 5,398 (82%) were predicted based on homology to
manually curated B.g. hordei genes (Spanu et al., 2010). The high quality of the reference gene
set (B.g. hordei) makes our predictions more solid than pure ab initio prediction and reduces the
chance for prediction artefacts.
The high abundance of TEs increases the complexity of the Blumeria graminis genomes consider-
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ably. TEs or TE-related sequences that are mis-annotated as genes must be avoided: The more
than 1,000 B.g. hordei EKA homologs which were annotated in B.g. hordei (Sacristán et al., 2009;
Spanu et al., 2010) immensely complicated gene prediction in B.g. tritici. Preliminary work on
low coverage assemblies and BAC sequences (described in chapter 2 and 3) contributed to our
knowledge about the TE population in B.g. tritici and B.g. hordei genomes. The repeat libraries
that were generated - a high quality repeat library, including protein sequences (chapter 2), and
a low-quality but very exhaustive TE library (REPET, chapter 4) - became very useful during
the gene prediction process. These libraries will facilitate future studies in Blumeria graminis and
might be useful to distinguish between real genes and TEs that are transcribed. In several fungal
genomes, effectors are located mostly in TE-rich regions (e.g. P. infestans). Leptosphaeria maculans
andM. grisea are only two examples where gain of function due to transposon insertion, deletion
or other genomic rearrangements have been observed (Stergiopoulos and de Wit, 2009). Thus, it
is important to know as much as possible about the repetitive fraction of a fungal genome.
Quality control of large-scale datasets, such as de novo sequencing projects, is difficult. Many
bioinformatic processes are subject to a trade-off between accuracy and time investment. Qual-
ity standards are achieved via a "plan-do-check-improve" approach, thereby testing a certain
number of random samples repeatedly. This affects de novo or reference assembly accuracy,
semi-automated processes such as repeat masking or SNP discovery, and most importantly gene
prediction. The use of the reference sequence for further studies, e.g. for the development of
molecular tools (see 5.3), will help to further asses it’s quality (e.g. accuracy of assembly, gene
models and SNP maps) and reveal areas for improvement.
5.2 How to improve the B.g.tritici sequence and gene annota-
tion
Genome sequences, especially those of model species, are subject to constant revision as technol-
ogy advances and knowledge improves (e.g. the Saccharomyces cerevisiae genome published in
1996 is today at release 64). The following paragraphs discuss how the quality of the B.g. tritici
reference sequence could be improved:
The finger print assembly determines the entities (FP contigs) which provide the backbone of
the genome sequence. The use of the LTC software (Frenkel et al., 2010) instead of the FTP could
possibly reduce the number of FP contigs and improve the accuracy of the contig assembly.
The large number of TE copies complicated the de novo assembly process, resulting in a frag-
mented assembly (3’500 scaffolds) and numerous sequencing gaps within scaffolds. Additional
paired-end sequences with a large insert size that span the size of TE copies (approx. 10kb) could
substantially improve the scaffold N50 of the assembly. In fact, 10kb paired-end reads were ini-
tially planned to be included. Unfortunately, this was technically not feasible due fragmented
DNA: The biotrophic lifestyle of B.g. tritici makes it difficult to extract good, high-molecular
weight DNA in large amounts which is needed for large insert libraries. Hopefully, technical
advances in library preparation will lead to lower DNA requirement.
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Third-generation sequencing technology (Pacific Biosciences, IonTorrent) which offer longer
reads might also be an option that could lead to longer scaffolds. However, for a complex
genome such as B.g. tritici which harbors thousands of almost identical TE copies, a high se-
quence accuracy is crucial. Therefore, it is very important to only use high accuracy sequence
reads or reads that were corrected for sequencing-technology specific errors (introduced e.g.
from PacBio technology).
As there were no B.g. tritici expression data available, the ab initio gene prediction software
was trained on B.g. tritici gene models which were predicted based on homology to B.g. hordei
genes. Surprisingly, out of totally 1’500 ab initio genes only 400 had no homolog in other fungal
genomes suggesting a low rate of possible prediction artefacts. Still, extended quality control
especially on the ab initio predicted gene models would be beneficial, for example through RNA
seq data which could also provide additional information about untranslated regions of the
coding sequences (UTRs). Confirmation of the ab initio predictions by a second ab initio gene
prediction software might also be advisable, which was not feasible in the given timeframe of
the project.
Ab initio gene prediction was significantly improved by running the prediction software on re-
peatmasked sequences. Comprehensive repeat libraries that include nucleotide as well as protein
sequences of TEs are a fundamental requirement for accurate repeat masking. In this work, we
combined a high quality TE library (chapter 2) with a "quick-and-dirty" REPET consensus li-
brary for the masking of the genome (Flutre et al., 2011). Currently, there is redundancy between
a large number of consensus sequences in the REPET library. In addition, many TE families
of both libraries are not well characterized or even remain unclassified, among them some of
the most abundant TEs in the B.g. tritici genome. The better the quality of the libraries is, the
more accurate the masking will be. Accurate masking will lower the chances that non-repetitive
sequences hidden in TE regions are masked (e.g. effectors). Efforts to reduce redundancy of
elements in the REPET library and to improve characterization of "unclassified" and "unknown"
TEs are therefore needed.
About 1,615 454 scaffolds (15Mb) could not be anchored to the FP backbone because no corre-
sponding BAC end sequence was available. These orphan scaffolds were randomly arranged
into a large artificial contig with a total size 19Mb (incl. gaps). Obviously, these un-anchored
scaffolds are missing in the 250 FP contigs, which results in a number of large sequence gaps.
Additional anchoring of the remaining scaffolds would be highly beneficial since 820 genes are
located on them.
5.3 Benefits of a B.g. tritici reference sequence for powdery
mildew research
The B.g. tritici reference sequence can be used as a tool to facilitate genetic mapping, for example
for marker development. SNP maps that were generated for three B.g. tritici isolates compared
to the reference (described in chapter 4) have already been used to develop KASPar markers.
These markers can for example be used for gene mapping (e.g. B.g. tritici avirulence genes) or
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to study population structure in Blumeria graminis. Other approaches such as mapping by se-
quencing (bulk sequencing) and re-sequencing of UV-mutants are as well based on the principle
of variant detection compared to a reference sequence.
SNP detection in a complex genome such as B.g. tritici has to be done with caution. First, one
has to be aware of potential inaccuracies in the reference sequence due to sequencing errors.
Second, the high abundance of identical TE copies requires very stringent mapping parameters
in order to reduce false positive SNPs. In B.g. tritici, high-confidence SNPs are mainly found
in gene-encoding sequences, and therefore marker development should focus on these regions.
In addition, it is important to validate in silico generated data whenever possible by additional
methods such as PCR and Sanger-sequencing on genomic DNA. This is especially important
when working in regions with a high amount of repetitive DNA or TEs because assembly and
mapping algorithms may have problems to handle these correctly.
The re-sequencing of three additional isolates has provided a first insight into genome dynamics
of B.g. tritici and genotypic diversity among isolates (chapter 4). These data allowed to speculate
on the basis of virulence and avirulence of B.g. tritici isolates (e.g. CSEP/CEP genes which are
under positive selection or presence/absence polymorphisms) and on the evolution of B.g. trit-
ici. Additional sequence data of B.g. tritici isolates from diverse geographical regions and from
different hosts (e.g. hexaploid and tetraploid wheat) would strengthen the conclusions drawn
based on data of four isolates (in progress) and might most likely provide new findings which
were not visible in a sample size of four. The genome sequences of two additional B.g. hordei
isolates which are about to become publicly available (Hacquard et al., submitted) will allow
comparative approaches which are statistically more powerful.
Specificity of Blumeria graminis for cereal hosts has been a subject of interest for many researchers
since decades. Based on numerous infection experiments, theoretical models were developed to
explain the evolution of Blumeria graminis host specificity (Tosa, 1992). Now that two complete
genomes (B.g. tritici and B.g. hordei, Spanu et al. (2010)) and a fragmented one (E.pisi, Spanu
et al. (2010)) are available, observations made based on classical genetics can be combined with
genomics data. Ideally, powdery mildew of rye (Blumeria graminis f. sp. secalis) and oat (Blume-
ria graminis f. sp. avenae) would be included as well. However, it is in any case important
to conduct two-way comparative analyses. An analysis where e.g. only B.g. tritici genes are
used which originate from homology-based gene prediction based on B.g. hordei is problematic.
B.g. tritici genes which were predicted ab initio and are not present in B.g. hordei could be forma
specialis specific genes and therefore candidates for host specificity determinants. It is important
to asses them more in detail and to make sure that they are not prediction artefacts nor mis-
annotated TEs.
The in silico prediction of effector candidates is a widely used application of genome sequences of
fungal pathogens or symbionts. In the case of fungal and oomycete effectors, it is assumed that
they have a signal peptide for secretion, particular sequence motives such as RXLR (oomycete,
Whisson et al. (2007)) or YxW (Blumeria graminis, Godfrey et al. (2010)) but no homology to other
known genes. The computational identification of effector candidates can be done relatively eas-
ily in an automated way and usually leads to several hundred candidate sequences. However,
until a function involved in infection or resistance triggering can be proven, these sequences
remain simply ’candidate effectors’.
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5.4 Next-generation sequencing technologies: benefits and
challenges for de novo sequencing of fungal genomes
The emergence of NGS technologies has boosted de novo genome sequencing of fungi. Nonethe-
less, most of the recently published high quality genomes of fungal pathogens or symbiont
genomes have been sequenced with Sanger technology using BACs, plasmids and fosmids
(Table 5.1). De novo assemblies of genomes larger than 40Mb with a high content of repetitive
DNA which were sequenced using only short reads are usually quite fragmented and, therefore,
consist of a large number of small contigs: The Albugo laibachii genome (size 37 Mb) which
was Illumina sequenced has in its present state more than 3,700 contigs, and Hyaloperonospora
arabidopsidis sequenced with a combination of Illumina and Sanger has more than 1,700 contigs
(Table 5.1). The 5,000 contigs of the de novo assembly of the Sordaria macrospora genome (40
Mb, combination of Illumina/454) could only be placed into 152 scaffolds by comparison
with reference genomes of three closely related Neurospora species (Nowrousian et al., 2010).
Fragmented assemblies are not a problem for studies on genetic diversity because the gene space
is usually completely present if there is sufficient sequencing coverage. However, based on such
fragmented genomes it is not possible to asses genome features at the chromosome level. This is
unfortunate as high quality genomes can reveal highly interesting biological features: In Fusar-
ium for example, massive chromosomal rearrangements and genes or chromosomal fragments
acquired by horizontal gene transfer were found to be linked with pathogenicity (Ma et al., 2010).
NGS technologies are highly suitable for de novo sequencing projects such as bacterial genomes,
but obviously there is a limitation for larger genomes, particularly repetitive ones. Pushed by the
pressure of publishing new findings with NGS, more and more low quality genome sequences
become available, which can make it difficult to receive funding for a high-quality genome se-
quence (since "it is already published"). Sequencing projects with the aim of producing a high-
quality genome sequence are time-intensive, laborious and expensive. However, extra effort
eventually pays off because low-quality annotation or assemblies only allow low-level analyses
(also known as the GIGO principle: garbage in, garbage out). Sequencing platforms like PacBio
and Roche 454 have realized that there is a need for longer reads. However, significant improve-
ment has to be made regarding error rate (PacBio) and cost efficiency (454).
The fungal kingdom is estimated to comprise about 1.5 million species (Hawksworth, 1991).
Many of them have an enormous impact on the ecosystem as decomposers, symbionts or
pathogens. The post-genomic era has begun for only very few fungal species. The 1’000 fun-
gal genome project (F1000, funded by JGI in 2011) was started with the goal to "provide broad
genomic coverage of the Kingdom Fungi", which will beyond doubt substantially contribute to
our understanding of fungal biology. However, key to accurate analysis of these data are again
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APPENDIXA
Supplementary Material Chapter 2
A.1 Supplementary Tables
Table A.1. Overlapping BAC clones for two genomic regions. PCR screening of the library
was done on plates 1 to 16. Molecular markers used to screen for locus 2 have been described
in Oberhaensli et al. (2011). Screening for locus GTCA_E4 was done with molecular marker
GTCA_E4 (Parlange and Keller, unpublished data)












a Those BACs were missing from the 6,831 BACs used for physical map assembly
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A.2 Supplementary Figures
Figure A.1. Construction of a BAC library from B.g. tritici DNA. a. Digestibility tests of HMW DNA.
DNA was tested for digestibility using restriction enzyme HindIII. Lane 1: undigested control; lane 2:
partial digestion with 10U/ml for 20 minutes; lane 3: complete digestion with 100U/ml for 6 hours;
lane 4: 1kb ladder; lane 5: MidRange PFG Marker I. b. Insert size analysis of 27 randomly selected
BAC clones. BAC DNA was digested with NotI and separated by PFGE. Markers on the left are
Lambda Ladder PFG Marker and MidRange Marker I.
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Figure A.2. Insert size distribution in the BAC library. Insert sizes were analysed in 300 BAC clones
randomly selected from the three fractions of the library (B, M1, M2). The overall distribution of insert
sizes was calculated by combining data from the three fractions considering their proportion in the
library.
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Figure A.3. BAC contigs comprising locus 2 and locus GTCA_E4. a. Contig ctg5, harbouring the locus
2 (Oberhaensli et al., 2011). b. Contig ctg25, harbouring the locus GTCA_E4. Scale is in kilobases. BAC
clones identified by PCR-screening of the library are highlighted in gray. Red boxes at the BAC-ends
indicate the availability of the respective BES (note that the orientation is unknown). The graphical
representation was produced based on the FPC files and using WICKERsoft software.
110
Figure A.4. Size distribution of BAC-end sequence (BES) length. A total of 20,001 BES were generated
by the sequencing from both ends of the entire BAC library. The average read length is 633 bp with
82% of the reads being above 500 bp. The peak observed at 263 bp is caused by 54 identical sequences
which were shown by BLAST analyses to correspond to the sequence of the origin of replication
"transposable R6K ori" (Stojiljkovic et al., 1994).
Figure A.5. Distribution of the ten most abundant TE families of the Blumeria Repeat Database in the
BES. Bgt and Bgh indicate origin of TE (Bg tritici and Bg hordei, respectively). Names are according to




Supplementary Material Chapter 3
B.1 Supplementary Tables
Table B.1. Conservation of B.g. tritici and B.g. hordei gene coding sequences (CDS)
Locus1 Locus2
Gene number Identity CDS Identity incl. introns Identity CDS Identity incl. introns
1 95.80% 96.0% 89.8% 89.8%
2 94.2% 94.4% 92.5% 91.5%
3 92.1% 91.6% 86.4% no intron
4 94.3% 94.0% 93.5% 92.4%
5 87.5% 87.1% 93.1% 93.1%
6 81.0% no intron 94.7% 94.4%
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B.2 Supplementary Figures
Figure B.1. Phylogenetic relationship of host cereals including Brachypodium (Chalupska et al., 2008;
Draper et al., 2001; Initiative, 2010) and the corresponding Blumeria ff. spp. Abbreviations: Brachy-
podium distachyon (Br), Avena sativa (Oa), Hordeum vulgare (Ba), Secale cereale (Ry), Agropyron christatum
(Ag), Triticum aestivum (Wh), B.g. hordei (Bgh), avenae (Bga), secali (Bgs), agropyri (Bgg) and tritici (Bgt).
The phylogenetic position of Bga was determined by Wyand and Brown (2003) based on rDNA inter-
nal transcribed spacer (ITS) and β-tubulin (tub2) gene
113
APPENDIXC
Supplementary Material Chapter 4
C.1 Supplementary Tables
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Table C.1. B.g. tritici isolate 96224 genome reference sequence statistics
454 assembly statistics
Total read number 11,330,743a




Total N’sb 14 Mb
Scaffold N50c 48.7 kb
Largest scaffold 290 kb
Reference genome statistics anchoredd totale
FP contigs 250 251
Size (incl. N’s) 107 Mb 126 Mb
Number of non-N bases 67 Mb 82 Mb
Average size of a non-anchored 454 scaffold 11.5 kb
aAssembly includes whole genome shotgun sequences (454) and 20’000 BAC end
sequences (Sanger)
bN bases represent sequence gaps
cHalf of the assembly consists of scaffolds larger than this size
d 454 scaffolds anchored on contigs from a BAC library finger print (FP) assembly
e 454 scaffolds that could not be anchored were collected in an extra
pseudomolecule (Bgt_ctg-10000)
Table C.2. Characterisation of B.g. tritici genes. The characterisa-
tion was done in hierarchical order. First, all genes were tested
for homologs in yeast. Those which did not have a homolog were
then used as query against PFAM, followed by blasts against the
genomes of Botrytis cinerea and B.g. hordei.
Characterisation Genes
Homolog in yeast 3,182
Homolog to PFAM domain 205
Homolog in Botrytis cinerea 1,344




a Includes b and c.
b Candidate secreted effector protein,
identified through homology to
B.g. hordei CSEPs.
cNovel candidate effector proteins
without a signal peptide.
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Table C.3. Sizes of the largest gene families encoding candidate
effector proteins (CEPs)
Gene family totala B.g. tritici b B.g. hordei c
FAM_E0014-134 14 12 2
FAM_E0014-262 14 2 12
FAM_E0016-115 16 6 10
FAM_E0019-107 19 13 6
FAM_E0020-1 20 12 8
FAM_E0046-114 46 25 21
FAM_E0067-10 67 31 36
FAM_E0200-102 200 124 76
a Total number of gene in family.
bNumber of B.g. tritici genes in family.
cNumber of B.g. hordei genes in family.
Table C.4. Presence/absence polymorphism of genes in nine B.g.tritici isolates compared to the
reference isolate 96224. Presence and absence of a gene is indicated with + and -, respectively.
CSEP: candidate secreted effector protein, CEP: candidate effector protein, P: gene is present but
open reading frame is interrupted either by a frameshift or a premature stopcodon, (-): gene is
partially deleted
Gene 215a 8a 97a 15a 217a 70ad 7004b 94202bd JIW2cd Gene product
BgtE-5545 + + + + + + - + - CSEP
BgtE-5597 - - - - - - - - - CSEP
BgtE-5802 - - - - - - - - - CSEP
BgtE-5845 + + - + + + - + - CSEP
BgtE-5419 + + P + P P + - + CSEP
BgtE-3419 - + + - + - + + + CSEP
BgtAc-30466 P + + + + + + - + CSEP
BgtAc-31249 + + (-) + + + + - + CSEP
BgtAcSP-30824 + - + - + - + + + CSEP
BgtE-40100 + - + + + + - + - CSEP
BgtA-21525 - - - + + - + + - CEP
Bgt-4055 - - - + + - - + + CEP
BgtA-20784 + + + + + - + + + CEP
Bgt-369 + + - + + + + + - other
BgtAc-31336 - - - + - - + - + no homolog
BgtA-20381 - - - + + + - - - no homolog
a Country of origin Israel
b Country of origin Switzerland
c Country of origin UK
d Genome analysed in this study
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Table C.5. Numbers of polymorphisms between three B.g. tritici
isolates and the B.g. tritici reference genome
Type of polymorphism 70 94202 JIW2
Total SNPsa 233,997 175,093 182,904
High confidence SNPsb 161,117 116,687 113,967
Ti/Tvc 1.51 1.52 1.49
SNPs in CDSd 6,289 4,389 4,514
Non-syne 2,815 1,982 2,039
Total insertions 5,253 4,616 3,858
Total deletions 4,545 3,390 3,022
High confidence InDelsf 1,797/1,981 1,322/1,365 1,447/1,360
a Total number of sites that showed base substitutions
b For definition of high confidence SNPs see suppl. text 4.3.7
c Ratio of transitions to transversions
dNumber of SNPs in coding sequences of genes
eNumber of SNPs that cause amino acid changes in genes
f For definition of high confidence insertions/deletions see suppl. text 4.3.7
Table C.6. Numbers of different protein variants in the four
B.g. tritici isolates studied. As protein variants was called if the
predicted protein sequence of two isolates differed
Number of protein variantsa All genes non-CEPsb CEPsc
1 3,684 (56.8%) 3,413 271
2 1,969 (30.4%) 1,761 208
3 692 (10.7%) 597 95
4 141 (2.2%) 123 18
aNumber of different protein variants per gene
bAll genes except CSEPs and CEPs
c Includes CSEPs and CEPs
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Table C.7. Pairwise comparisons of fractions of the genome where
two B.g.tritici isolates share the same haplogroup. Indicated is
for each pairwise comparison the number of genomic segments
where the two isolates are of the same haplogroup. The number
in parentheses is the fraction of the genome that is of the same
haplogroup.
JIW2 94202 70
96224 618 (25.1%) 547 (26.3%) 321 (6.9%)
JIW2 - 622 (24.2%) 366 (8.0%)
94202 - - 394 (8.6%)
Table C.8. Divergence time estimates for different haplogroups in the
B.g. tritici genome.
Isolate Haplogroup Fractiona SNPs/kbb Divergence[y] SDc
JIW2 Hyoung 25.1% 0.11 5,708 ±3,087
94202 Hyoung 26.3% 0.11 5,407 ±3,241
70 Hyoung 6.9% 0.22 8,690 ±3,054
JIW2 Hold 74.9% 1.11 55,423 ±12,156
94202 Hold 73.3% 1.20 60,439 ±13,374
70 Hold 93.1% 1.31 63,157 ±13,222
a Contribution of the respective haplogroup to the genome
bAverage SNP density for the haplogroup
c Standard deviation
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Table C.9. PFAM domains present in obligate biotrophic and non-
obligate biotrophic fungi.
Species Total genes PFAM hitsa PFAM familiesb
B.g. tritici 6,540 2,010 1,182
A. nidulans 10,560 3,382 1,439
M. grisea 11,054 3,110 1,382
B. cinerea 16,448 3,059 1,329
P. graminis 20,565 2,459 1,079
aNotal number of genes with homology to PFAM domains
bNumber of different PFAM domains identified in the genome
Table C.10. De novo assembly statistics of isolates 94202, JIW2 and
70.
94202 JIW2 70
nr of reads (assembled) 56,838,638 15,208,328 54,776,180
nr of contigs 94,070 86,131 93,060
assembly size 72 Mb 65 Mb 77 Mb
average sequence contig size 767 bp 762 bp 831 bp
largest sequence contig 29,239 bp 23,215 bp 31,455 bp
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C.2 Supplementary Figures
Figure C.1. Gene families which are reduced in size in the genomes of obligate biotrophic fungi
compared to the genomes of heterotrophic fungi. Horizontal bars indicate the number of genes be-
longing to particular gene families. The fungal species A. nidulans, B. cinerea and M. grisea have at
least some heterotrophic growth phase during their life cycle while B.g. tritici and P. graminis are ob-
ligate biotrophs. AMP: Adenosine mononucleotide, FAD: Flavin adenine dinucleotide, FMN: Flavin
mononucleotide, GMC: Glucose-methanol-choline, NADH: Nicotinamide adenine dinucleotide, RTA:
R transactivator.
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Figure C.2. Glycosyl hydrolases from A. nidulans, B. cinerea, M. grisea, B.g. tritici and P. graminis. The
columns at the left show the number of genes in each family for the 5 species. Colour-coding indicates
whether families are completely absent and in which species that is the case.
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Figure C.3. Enzyme deficiencies in the amino acid metabolism of obligate biotrophic fungi. Enzymes
which are absent from the genomes of powdery mildew and rust fungi are depicted in red. Consider-
ing their large phylogenetic distance, powdery mildews and rusts must have lost the exact same sets
of enzymes independently. a. Catabolism pathways of tryptophane, phenylalanine and tyrosine are
missing the enzymes which convert the amino acid backbone to acetaldehyde. b. Two of the enzymes
described in a. (ARO8 and ARO9) are also essential for the final step of the phenylalanine and tyrosine
biosynthesis. c. Deficiencies in the assimilation of inorganic sulfur in the biosynthesis of methionine
and cysteine. Both the direct pathway of sulfur assimilation as well as the pathway which produces a
prosthetic group for MET10 are absent.
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Figure C.4. Comparison of approx. 300 kb of genomic sequences from B.g. tritici and B.g. hordei.
Sequences which are conserved between the two formae speciales are connected with grey areas. Genes
are indicated as black boxes. In one region, gene content differs between the two formae speciales
(indicated with A and B). This is likely due to misassemblies as all four B.g. tritici genes that are
absent from the B.g. hordei sequence are found elsewhere in the B.g. hordei genome. However, the
B.g. hordei bgh03921 gene (indicated with A) has no homolog in the B.g. tritici genome sequence and
might therefore represent a true presence/absence difference. Two previously un-annotated genes in
B.g. hordei were identfied during the comparative analysis (indicated with C).
123
Figure C.5. Phylogenetic tree of CSEP family FAM46-114. B.g. tritici genes are displayed in red while
B.g. hordei genes are displayed in blue. The tree is a consensus tree of 100 bootstrap replica. The
numbers at forks indicate the number of times the group consisting of the sequences which are to the
right of that fork occurred among the trees, out of 100 trees. Bi-directional closest homologs (BDCHs)
of B.g. tritici/B.g. hordei genes (determined by blast searches) are indicated by purple brackets. Those
BDCHs which lie on distantly related branches are considered deep paralogs (indicated with asteriks).
Divergence time estimates for the BDCH pairs are indicated as purple numbers at the respective
branchings of the tree. Divergence time estimates have error rates of ±23-32%, depending on the
length of the proteins
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Figure C.6. Estimation of the number of deep paralogs in CSEPs. a. Distribution of rates of synony-
mous substitutions per synonymous sites (dS) in 5,258 closest B.g. tritici/B.g. hordei gene homologs.
Rates were calculated with the yn00 program of the PAML software package. Displayed are the distri-
butions of dS rates of 5,021 non-CSEP and 237 CSEP gene pairs. The x-axis shows the range of dS rates
in the two gene groups while the y-axis shows the number of gene pairs in each range. The y-axis
numbers are given in % of the total number of gene pairs in each group (i.e. 5,021 non-CSEP and 237
CSEP). b. Distribution of divergence time estimates of non-CSEPs and CSEPs. Using the non-CSEPs
as a reference, one can infer that CSEPs age groups whose sizes deviate strongly from those in the
non-CSEPs contain deep paralogs. For example, one can assume that most B.g. tritici/B.g. hordei CSEP
pairs which diverged more than 10 Myr ago are deep paralogs. Using the cutoff of 10 Myr, at least
20% of CSEP pairs represent deep paralogs..
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Figure C.7. Sequence coverage of three B.g. tritici isolates with Illumina reads. The x-axis is the
sequence coverage. The y-axis indicates the number sequence reads within each coverage range. The
coverage plots were derived from 500’000 random positions in the genome. Numbers above arrows
indicate the average coverage of single-copy sequences ("peak coverage").
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Figure C.8. Schematic representation of the mating type locus in B.g. tritici. a. Isolate 96224 and
isolate 70 have a MAT1-2 idiomorph. The scheme describes the position of the MAT1-2-1 gene and
the flanking genes SLA2 and APN2/COX on FP contig 14 of the reference genome (isolate 96224).
Arrows indicate the orientation of transcription. A close-up of the MAT locus reveals that MAT1-2-1
and SLA2 are located relatively close to each other and are surrounded by transposable elements. The
MAT1-2 protein sequences of isolate 70 and 96224 share 100% identity, while the SLA2 proteins differ
in two amino acids (black bar). b. Isolates JIW2 and 94202 have a MAT1-1 idiomorph. MAT1-1-3 and
MAT1-1-1 are located on different contigs of the Illumina de novo assemblies. The SLA2 gene is located
immediately upstream of theMAT1-1-1 coding region. TheMAT1-1-1 proteins are conserved, whereas
the MAT1-1-3 and the SLA2 proteins differ in one amino acid between the two isolates.
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Figure C.9. a. The candidate effector gene BgtE-5692 contains a highly divergent segment covering
parts of exons 1 and 2 (grey boxes) as well as the intron. The small size of the divergent fragments
suggests that it was introduced through gene conversion. SNPs are indicated as blue vertical bars.
Three SNPs which cause changes in the encoded protein are indicated with red arrowheads. The
red bar indicates a 110 bp region which was not covered by the Illumina assembly in both JIW2 and
94202. b. DNA sequence alignment of the variable region plus flanking sequences. c. Alignment
of the predicted protein sequences showing the amino acid changes. The position of the intron is
indicated with a red triangle. The sequence gap in the N-terminal region (missing data) corresponds
to the sequence gap indicated with the red bar in a..
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Figure C.10. Non-synonymous base exchanges are more frequent in CSEP and CEP genes. For each
of the isolates JIW2, 94202 and 70, coding sequences of genes were aligned with their ortholog from
reference isolate 96224. For each gene, the ratio of non-synonymous substitutions compared to the
total number of substitutions was calculated. The value was normalized for gene size (i.e substitu-
tions per kb). The dataset obtained for each isolate was split in CSEPs/CEPs and non-CSEPs/CEPs,
respectively. The values for the genes of each group were classified in bins of 0.2, e.g. bin 1 contains
all genes with values from 0 to 0.2, bin 2 contains values from 0.2 to 0.4. After counting the number
of genes per bin, the respective percentage on the total number of genes of the group was plotted in a
bar-diagram. Sn=number of non-synonymous base exchanges, St=total number of base exchanges.
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Figure C.11. Characterisation of haplogroups in wheat powdery mildew. SNP density in the genome
was surveyed in windows of 20 kb with a 2 kb sliding step. The x-axis indicates the number of SNPs
per 20 kb window while the y-axis indicates how many 20 kb windows contained the respectiuve
number of SNPs. The blue series shows SNP distribution of isolate 94202. The genome is composed
of segments with high and low SNP densities, which are reflected in the two peaks of the curve.
Segments with a higher SNP density produce a peak at 22 SNPs. The red series shows the distribution
of SNP densities, assuming a purely random SNP distribution and an average SNP density of 22
SNPs per 20 kb. This simulation was used to determine the cutoff value (9SNPs/20 kb) to distinguish
SNP-rich from SNP-poor regions.
Figure C.12. Quality control of SNPs in three B.g. tritici isolates. The heatmap displays SNP densities
in 10 kb sliding windows with a 1 kb sliding step. Gaps smaller than 1 kb were ignored for the
calculation of SNP frequencies. White spaces display positions of major sequence gaps (< 1kb) where
no sliding windows could be made across. Warmer colours indicate higher SNP frequencies. The blue
bars underneath the map indicate the amount of discarded SNPs in each window (i.e. SNPs with low
quality). Dots above the heatmap represent genes, CSEPs/CEPs are marked with "E". Regions where
some proportion of SNPs had to be discarded occur frequently both in overall SNP-rich (examples A)
and SNP poor regions (example C). However, the discarded SNPs are usually a minority of the total
SNPs in a region. Only in extremely repetitive regions (examples B), the number of discarded SNPs
was considerable. The main concern was that regions with many discarded SNPs would be mistaken
for SNP-poor regions. This was shown not to be the case.
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Figure C.13. Simulations of the number of recombination breakpoints in genomes of haploid species
with two mating types without mating restrictions. The x-axis is the number of generations while the
y-axis indicates the average number of haplogroup breakpoints that are expected per individual. A
genetic map of the size 2,000 cM was assumed. Furthermore, we assumed that the starting population
consists of two sub-populations of two different haplotypes. The size of the population is indicated
with P next to the corresponding graphs. a. At large population sizes (e.g. 1,000), the number of
haplogroup breakpoints increases in a linear way while for smaller populations, the curves rapidly
converge toward a stable value. b. In populations of 40-100 individuals, the numbers of haplogroup
breakpoints converge rapidly to values similar to those observed in the studied B.g. tritici isolates.
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